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The global energy crisis has motivated reevaluations of energy-intensive 
activities and processes in the urban living environment, to identify areas where 
fossil fuel energy dependence can be reduced through the use of alternative 
energy. Biofuels have triggered an intensification of research into alternative 
energies, due to their renewable and carbon neutral characters. Microalgae are 
considered the most promising feedstock for the next generation of biofuels 
because they have several major advantages, compared to the feedstock of first- 
(food feedstock) and second- (non-food feedstock) generation biofuels. 
However, one major challenge of microalgal biofuels lies in algal biomass 
production. Therefore, this thesis was designed to increase microalgal 
production through different approaches.  
 
The first objective of this project was to investigate potential approach for 
promoting microalgal growth in the lab. Synergistic microalgae-bacterial 
interaction was proposed to increase microalgal concentration. Three 
symbiotic bacteria were isolated from the long-term operated C. vulgaris 
culture and identified by 16S rDNA analysis. One symbiotic bacteria 
Pseudomonas sp. was found to have a growth promoting effect (1.4 times 
higher algal cell concentration than single algal culture) on C. vulgaris when 




content in C. vulgaris cell was higher in co-culture than in single algal culture. 
The mutualistic relationship between microalgae and their symbiotic bacteria 
could be used as one method to increase microalgal production.  
 
The second objective was to investigate the feasibility of scaling up 
microalgal culture to increase the production yield. C. vulgaris was 
successfully cultivated in pilot-scale bubble columns (80 L) under tropical 
outdoor conditions. The constant supply of CO2 in microalgal culture was 
found to be non-essential. It was found that when 2% CO2 was intermittently 
supplied (1 h 2% CO2 enriched air/1 h air) or 2% & 4% CO2 was alternatively 
aerated (30 min 4% CO2 enriched air twice and 1 h 2% CO2 enriched air 
twice), the algal growth was not affected as compared to having a constant 
supply of 2% CO2 while the amount of CO2 used was reduced by 50% and CO2 
to biomass conversion efficiency was doubled. Outdoor culture and adjusting 
proper CO2 input conditions can be suggested in microalgal production so as to 
save energy and cultivation cost. 
 
The third objective of this project was to investigate method of increasing the 
algal biomass and their lipid productivities in outdoor environments. A 
two-stage cultivation strategy was applied, to obtain sufficient algal biomass 
in the first stage and to accumulate lipids under stress conditions in the second 




can be achieved. Nitrogen and phosphorus limitation as well as salinity stress 
were induced in the second-stage cultivation. It was found that C. vulgaris 
accumulated lipid under nitrogen and phosphorus limiting conditions. Salinity 
stress cannot induce higher lipid content compared with the control, but did 
promoted algal growth. The highest average lipid productivity was 92.60 mg 
L-1 d-1. Algal biomass harvest could be suggested at the time when the lipid 
yields were at their maximum. The relatively constant fatty acid percentage 
observed in this study showed that the properties of FAMEs obtained would 
be stable, and these FAMEs could be used as biodiesel since they meet the 
requirements of EN 14214 and ASTM D 6751. 
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A brief background of the microalgae based biofuels, motivation, hypothesis 













Nowadays, around 80% of global energy demand is met by fossil fuels. 
Despite dwindling reserves, limited supply and inevitably increasing demand, 
fossil fuels are still the world’s cheapest source of energy. However, the prices 
of fossil fuels have risen as demand outstrips supply. Therefore, many 
countries have begun to consider the problem of energy security, especially 
when fossil fuels are used as their sole energy source. On the other hand, 
extensive utilization of fossil fuels has resulted in excess anthropogenic 
greenhouse gases (GHG) discharge, more than 60% of which is comprised of 
carbon dioxide, and is responsible for global climate change. In order to 
control GHG emissions, the Kyoto Protocol was promoted by the United 
Nations (UN) in 1990, with the objective of reducing GHG by 5.2% on the 
basis of emissions by 1997. Alleviating the rate of depletion of fossil fuels and 
reducing GHG emissions requires that enough renewable clean energy should 
be generated for use.  
 
Short to medium-term renewable and environmentally benign substitutes for 
fossil fuels have recently attracted the intensive attention of researchers. 
Among various potential alternatives, biofuels are of the most interest and are 
expected to play an important role in global energy infrastructure. Biofuels are 
made from biomasses which are mostly plants or materials derived from 




biomass as forms of carbohydrates, proteins and lipids through photosynthesis. 
Biofuels generally include biodiesel, bioalcohol, biogas (methane and CO2) 
and biohydrogen. Bioalcohol derived from maize fermentation has been 
commercially produced as a replacement for gasoline consumed by vehicles in 
the United States.   
 
Microalgae, which are unicellular algae, perform with higher photosynthetic 
efficiency and growth potential compared with terrestrial plants. The 
theoretical yield of biodiesel from microalgal oil, for example, is a hundred 
times greater than that of soybeans, which are currently the major feedstock 
for biodiesel production. Microalgae-based biofuels do not compete for arable 
land used for food production. Microalgae can be cultivated on desert lands 
and offshore areas where crops cannot grow, and can even be cultured directly 
on the surface of the sea in special designed photobioreactors (PBRs). Besides 
accumulating lipids and carbohydrates, which are the most abundant 
components in algal cells, microalgae work like the small bioreactors to 
produce valuable chemicals, such as carotenoids, docosahexaenoic acid (DHA) 
and certain therapeutic recombinant proteins. In addition, microalgae have 
been used as biological solutions to environmental issues, in wastewater and 
flue gas treatment processes. Indeed, the integration of microalgal production 
with existing power generation and wastewater treatment infrastructures has 




Singapore is located almost on the equator, which means that it is exposed to 
higher temperatures and an abundance of sunlight radiation all year long. Over 
95% of the food consumed in Singapore is imported, and only a limited 
amount is locally produced. Thus it might not be rational to develop 
food-based biofuels in Singapore. Using food wastes for biofuels production 
here is constrained by the challenges of their harvest and categorization. 
However, Singapore is a suitable place for the development of microalgal 
biofuels. Some microalgal start-up companies have been set up in Singapore 
but they are all in their infancy and there are still many technical bottlenecks 
which need to be overcome. 
 
1.2 Hypothesis 
The major challenge of microalgal biofuels lies in the algal production. Based 
on the hypothesis, different approaches which could increase microalgal 
production have been proposed in this study. The first objective is that the 
synergistic relationship between microalgae and bacteria could lead to a new 
potential method to increase microalgal production. Secondly, the feasibility 
of scale-up microalgal cultivation in pilot-scale PBRs in a tropical outdoor 
environment was investigated. Thirdly, the two-stage cultivation strategy was 
attempted, to induce the increases in algal production and lipid productivity 




1.3 Research objective 
The objectives of this thesis are to develop methods of increasing microalgal 
production. Being the feedstock of biofuels, microalgae also have various 
applications, but all of them can be realized only if enough microalgae are 
produced. Therefore, the specific aims of this thesis include: 
 
(1) Co-culture microalgae with their associated bacteria in the lab to 
investigate the potential approach to increase microalgal production  
Different cultivation parameters which could affect microalgal growth have 
been broadly studied in lab-scale experiments. Researchers find that 
temperature, pH, light intensity, aeration, CO2 concentration, inoculum 
density and media’s components cause different results based on different 
algal species. The combinations of these parameters which can increase 
microalgal production have been optimized in many studies. It is well known 
that microalgae always co-exist with bacteria and other microorganisms in 
nature. Research on algae-bacterial interactions in microalgal cultures is an 
important and quite unexplored area that can provide significant advances for 
efficient microalgal biomass production for commercial purposes. The 
synergistic interaction between microalgae and their associated bacteria could 
lead to a new method to promote microalgal growth. Our first study in this 
thesis investigated the interactions between Chlorella vulgaris and its 




identified (Chapter 4). 
 
(2) Scale-up microalgal cultivation in pilot-scale bubble columns in 
tropical outdoor environment 
Many studies on microalgal cultivation have been done in the lab with precise 
control over growth conditions, yielding reasonably good results. However, 
scaling up those lab-scale results is not easy. Outdoor microalgal cultivations 
are more complicated compared to indoor experiments, due to the varied and 
unpredictable outdoor climate conditions. Our second study involves 
designing pilot-scale PBRs and culturing microalgae in these systems in a 
tropical outdoor environment. It was found that constant sparging of CO2 in 
the algal culture was not necessary. Optimized CO2 input conditions were 
investigated for their effects on the growth of C. vulgaris under outdoor 
conditions, and tried to reduce CO2 usage as well as maximize the CO2 to 
biomass conversion efficiency. Outdoor cultivation and adjusting proper CO2 
input conditions can be suggested in large-scale microalgal production, so as 
to save energy and cultivation costs (Chapter 5). 
 
(3) Two-stage cultivation to increase algal biomass production and 
accumulate lipids in microalgal cells under outdoor conditions 
Microalgal lower lipid productivity is a major obstacle to improve microalgal 




microalgal cells or low algal biomass productivity. An effective approach is to 
apply a two-stage cultivation strategy, which firstly makes microalgae grow 
faster in the nutrient-sufficient medium, and lets them accumulate lipids under 
the following stress conditions after obtaining enough microalgal biomass. 
Our third study involves the development of a two-stage cultivation process in 
outdoor microalgal culture. Nitrate and phosphate limitation, as well as 
salinity stress, were induced in the second stage of C. vulgaris cultivation to 
try to increase lipid production. Since lipid composition determines biodiesel 
quality, the profile of each fatty acid in algal lipids was traced. A suitable 



















A brief story of energy and environmental problems met by human-beings, the 
alternative energies, basic knowledge about microalgae, the microalgal 










2.1 Global energy problem 
Global energy demand is rising very fast due to the drastic economic growth 
and population explosion undergone by many developing countries in recent 
years (IEA 2012). The world’s energy needs are expected to grow by almost 
50% over the next two decades. From Fig. 2.1, it can be seen that fossil fuels 
(oil, coal and natural gas) are still dominating the world’s energy consumption, 
with a share of over 80% (British Petroleum 2012). While they are currently 
the primary energy source, fossil fuels are non-renewable resources and their 
reserves are limited. Oil is considered the lifeblood of modern industrial 
civilization. It fuels the majority of the world’s mechanized transportation 
equipment, such as automobiles, airplanes, ships, and farm equipment (Hirsch 
et al. 2005). The dilemma caused by the finite nature of earth’s oil endowment 
and a continuously increasing demand for oil causes the prices of oil to soar. 
After 2012, it has gone beyond 100 US$ per barrel, and further increases in 







Fig. 2.1 World energy consumption from 1986 to 2011 in million tons of oil 




Fig. 2.2 Average annual oil prices from 1980 to 2035 (US$ per barrel) 





2.2 GHG emissions 
GHG are the gases in the atmosphere which can absorb heat and cause the 
greenhouse effect. GHG includes water vapor, CO2, methane, nitrous oxide 
and ozone. CO2 coming from the combustion of fossil fuels takes up more 
than 75% of the total anthropogenic GHG emissions, and there has been a 70% 
increase in CO2 emissions from 1970 to 2004 (ITF 2010). According to the 
Intergovernmental Panel on Climate Change (IPCC), much of global warming 
is very likely caused by the increases in anthropogenic GHG emissions. Since 
the UN launched the Kyoto Protocol in 1997, setting binding obligations on 
industrialized countries to reduce GHG emissions, many worldwide attempts 
to mitigate the growth of GHG emissions have been proposed and carried out. 
These attempts include developing sustainable and clean energy substitutes for 
fossil fuels, improving the performance of existing automobile engine as well 
as prompting the carbon credit system, among others.   
 
2.3 Biofuels 
Governments across the world are trying to reduce dependency on fossil fuels 
and mitigate GHG emissions by stimulating the development and utilization 
of sustainable, renewable and clean energies. Currently, 3/4 of total fossil fuel 
consumption comes from heat and power generation. The remaining 1/4 is the 




fuels consumed by heat and power can be replaced by wind power, 
hydropower, solar and geothermal energy. However, there are fairly limited 
choices for substitutes in the transportation sector. Currently, biofuels play a 
significant role in replacing liquid fossil fuels, and are suitable for vehicles 
and other modes of heavy transportation which cannot be powered by 
electricity, such as planes and marine vessels (IEA 2011). Biofuels derived 
from biomass conversion began to be produced in the 19th century. They were 
not taken into account as transportation fuels until the 1940s. However, the 
falling prices of fossil fuels during that time became an obstacle to biofuel 
development. The commercial production of biofuels for transportation started 
from the mid-1970s, and the rapid growth of biofuel production occurred over 
the last 10 years (IEA 2011). Biofuels can exist in liquid, solid or gaseous 
form. Liquid biofuels include bioalcohol and biodiesel. Solid biofuels can be 
burnt to provide heat and raise steam. Biohydrogen and biogas (mixture of 
methane and CO2) are gaseous biofuels. The worldwide biofuel production 
reached 105 billion liters in 2010 but still only took up a very small share of 
world energy consumption (Worldwatch Institute 2011). Most biofuels 
(bioethanol and biodiesel) are produced primarily in developed countries. For 
example, the United States and Brazil account for the majority of global 
commercial bioethanol production. Biofuels are normally classified as first-, 
second- and third-generation biofuels. First-generation biofuels use crops as 




produced from non-food feedstock, like waste oil. The third-generation 
biofuels are microalgae-based biofuels.  
 
2.4 Biomass 
Solar energy and CO2 are converted to chemical energy via photosynthesis 
and stored in biomass. Biomass is biological material obtained from a variety 
of plants with varying morphology and chemical compositions. The main 
biomass components can be identified as lipids, proteins, starch, lignin, 
cellulose and hemicelluloses (Bhaskar et al. 2011). Cellulose, hemicelluloses 
and lignin are found in the greatest abundance due to their easily available 
sources, such as crop residue and wood sourced from forests. Biomass is 
directly used for combustion to make fire and produce heat, which is the most 
ancient application known to human-beings. Biomass, as the feedstock, can be 
also indirectly converted to various biofuels through thermal, chemical and 
biological methods. According to the classification of biofuel generation, 
edible biomass like sunflower seeds, soybean, maize, and sugarcane is utilized 
in the first-generation biofuel production. The non-food feedstock for 
second-generation biofuels includes the stalks and husks left after agricultural 
production, forest residue, and municipal wastes. The developing 
third-generation biofuels make use of algae as the feedstock (Lee and Lavoie 




in biofuel production capacities will compete for arable land, which is also 
used for food production. This will aggravate the worldwide food shortage, 
which is a concern since more than 800 million people are still suffering from 
hunger (Dragone et al. 2010). The challenge associated with the 
second-generation biofuels comes from the costly technologies needed for 
harvesting, categorization, and pretreatment of feedstock. The third-generation 
algal biofuels are devoid of the major drawbacks encountered by first- and 
second-generation biofuels. The higher growth rate and greater biomass 
productivity of microalgae allow for multiple or continuous harvests all year 
round. Fresh, brackish or even waste water can be used for algal culture. They 
can be cultivated on non-arable or desert lands, and offshore areas where other 
crops cannot grow.  
 
2.5 Biorefinery 
The biorefinery is analogous to the petroleum refinery which produces 
multiple fuels and diverse products from crude petroleum. It embraces a wide 
range of technologies which are capable of separating biomass into their 
building blocks, like proteins, lipids, and carbohydrates (Vanthoor-Koopmans 
et al. 2013). These building blocks can be converted to value-added products, 






Algae vary from unicellular species with several micrometers in diameter to 
giant seaweed growing over 50 meters long. They are the most ancient 
organisms which have had profound effects on Earth and its biota for billions 
of years. Microalgae are microscopic algae with a micrometer-ranged size. 
Unlike higher and terrestrial plants, they do not have roots, stems and leaves. 
Microalgae make use of water, sunlight and CO2 to perform photosynthesis. 
They can grow in freshwater, saline/brackish seawater and wastewater with a 
fast growth rate. Microalgae are normally found in aquatic systems, but some 
algal species can live in a symbiotic relationship with various organisms on 
the surface of soil, such as lichen which consists of microalgae, fungi and 
bacteria. Microalgae are eukaryotic organisms which have a membrane-bound 
nucleus. However, phycologists also include cyanobacteria (blue-green algae), 
which is the oxygenic photosynthetic bacteria in algae, even though they are 
prokaryotic organisms. Traditional algal classification is based on their color 
while algae are currently classified according to several major criteria: type of 
pigments, cell wall constituents and chemical structure of storage products. 
Further detailed classification also considers the cytological and 
morphological character, such as the structure of flagella, the scheme and path 
of nuclear and cell division (Tomaselli 2004). Lee (1989) separated algae into 
four groups: The first group is prokaryotic algae, including Cyanobacteria and 




evolution of the algal chloroplast. The second group, which has a chloroplast 
surrounded only by two chloroplast membranes, comprises of Glaucophyta, 
Rhodophyta (red algae) and Chlorophyta (green algae). The third group and 
fourth group are differentiated based on the number of additional membranes 
of the endoplasmic reticulum. The third group includes Dinophyta and 
Euglenophyta, and contains one such additional membrane. The fourth group 
has two additional membranes and is comprised of Cryptophyta, Chrysophyta 
(golden-brown algae), Prymnesiophyta, Bacillariophyta (diatoms), 
Xanthophyta, Eustigmatophyta, Raphidophyta and Phaeophyta (brown algae).  
 
2.6.1 Cyanobacteria 
Cyanobacteria are prokaryotic algae which are capable of performing 
plant-like oxygenic photosynthesis, and contain chlorophyll a and 
phycobiliproteins as photosynthetic pigments. Cyanobacteria are found in a 
variety of terrestrial and aquatic habitats, including some extreme 
environments, such as deserts or hot springs. They perform in diversity of 
morphology, physiology, cell division and differentiation (Tomaselli 2004). 
All cyanobacteria are able to use CO2 as their sole carbon source, and some 
species can fix molecular nitrogen in the air (Bergman et al. 1997). 
Cyanobacteria not only show aerobic respiration in the dark, but some also 




The biomass of cyanobacteria can be directly used as a food source for 
animals and human-beings. For example, Spirulina has been commercially 
produced in tablet, flake and powder form to serve as a healthy dietary 
supplement. Pharmaceuticals, antioxidants, coloring agents and various 
bioactive compounds can also be obtained from cyanobacteria (Parmar et al. 
2011). On the other hand, cyanobacteria have been widely applied to solve 
environmental problems. Due to their exopolysaccharide-producing character, 
the negatively charged surfaces of cyanobacteria are good absorbents for 
removing heavy metal ions from wastewater (Philippis et al. 2011).  
 
2.6.2 Chlorophyta  
The microalgal species used in this study is Chlorella vulgaris, which belongs 
to the Chlorophyta group. Chlorophyta is commonly known as green algae, 
due to its bright grass-green appearance. Evidence from ultrastructural, 
biochemical and molecular sequences proposed that there are four 
monophyletic multicellular classes of green algae which occur in two major 
clades, the UTC (Ulvophyceae, Trebouxiophyceae and Chlorophyceae) clade 
and the charophyceae (Mishler et al. 1994). Chlorella belongs to the class 
Trebouxiophyceae. Trebouxiophyceans consist of a variety of morphological, 
reproductive, and ecological types. Chlorella appears as 2-12µm spherical or 




marine water and soils. They reproduce asexually through the formation of 
four autospores. The cell walls of green algae generally contain cellulose 
while some of them are naked. All the green algae contain at least one plastid 
and most of them are autotrophic. A multitude of green algae is capable of 
complementing photosynthesis through the uptake and utilization of 
exogenous organic carbons, like sugars, amino acids, and other small 
molecules (Neilson and Lewin 1974; Tuchman 1996). Chloroplasts in green 
algae are bounded by a two-membrane envelope with chlorophylls a and b 
located in chloroplast thylakoids, which occur singly or in stacks of variable 
numbers. Chlorophyll in green algae is always associated with 
chlorophyll-binding proteins. 
 
2.7 Photosynthesis in microalgae 
Photosynthesis fuels the evolution of life forms on the Earth. Photoautotrophs 
(most plants, algae and cyanobacteria) convert sunlight energy and CO2 to 
chemical energy, which is stored as organic matter in their cells. All life forms 
depend on this process because it provides energy for their growth and 
metabolic processes. The well-known equation of photosynthesis can be 
briefly represented as: 
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However, the photosynthetic process is quite complicated and many details of 
it are still undiscovered. In general, photosynthesis consists of two reaction 
stages: light reactions and dark reactions. The role of light reactions is to 
provide the reductant NADPH (nicotinamide adenine dinucleotide phosphate) 
and energy ATP (adenosine triphosphate). The dark reactions, also called the 
Calvin-Benson Cycle, assimilate and reduce CO2 for organic matter 
production. In the light reaction period, photons from sunlight are absorbed by 
chlorophyll-containing proteins located at the thylakoid membranes, and used 
to drive the process of electron stripping from water (water is the electron 
source). Electrons are firstly passed to pheophytin and quinone molecules, and 
then the electrons are transferred through the electron transport chain (ETC) 
until eventually, reduced NADPH is produced. In the meantime, released 
protons during water photolysis create a chemiosmosis potential utilized by 
ATPase for ATP generation. CO2 captured by RuBisCO 
(Ribulose-1,5-bisphosphate carboxylase oxygenase), with the presence of ATP 
and NADPH produced in the light reaction period, is used in the dark reactions 
to produce three-carbon sugars (glycerate 3-phosphate). These three-carbon 
sugars, as the intermediate product, are subsequently converted to 
carbohydrates - the primary end-products of photosynthesis (Masojidek et al. 
2004). Other organic matters, such as lipids and amino acids, can be also 





2.7.1 Photosynthetic membranes and chloroplast 
Photosynthesis takes place in chloroplasts. Chloroplast, as an organelle in 
plants and algae, contains many thylakoids which are the folded 
cylindrical-sheet form of photosynthetic membranes (Sener et al. 2007). The 
sites of photosynthesis in a chloroplast are actually the thylakoid membranes, 
where photosynthetic pigments are located. Thylakoids fill most of the 
chloroplast, to maximize the surface area and therefore beneficially increase 
the amount of light absorbed by plants and algae. For photosynthetic bacteria, 
due to the absence of a chloroplast, photosynthesis happens in membrane 
structures, such as the intracytoplasmic membranes (Masojidek et al. 2004). 
 
2.7.2 Photosynthetic pigments  
As mentioned in the previous chapter, microalgae are traditionally divided into 
different groups according to their photosynthetic pigments, such as red algae 
(Rhodophyta), golden algae (Chrysophyceae), brown algae (Phaeophyceae) 
and green algae (Chlorophyta) (Masojidek et al. 2004). The energy for 
photosynthesis originates from sunlight. However, not all the wavelengths of 
light can be utilized for photosynthesis. Most plants and algae make use of 
visible light, with a wavelength range from violet, at around 380 nm, to the far 
red of 750 nm. For example, the absorption spectrum bands for green algae are 




green algae its green color is the least effective for green algal photosynthesis. 
The absorbed light spectrum is determined by the type of photosynthetic 
pigment in organisms. There are three classes of pigments: namely, 
chlorophylls, carotenoids and phycobilins. Chlorophyll includes 4 types of 
chlorophyll (a,b,c,d) based on their different structures. All the chlorophylls 
have two major absorbance bands: blue or blue-green (450-475 nm) and red 
(630-675 nm). Chlorophyll a can be found in all oxygenic photoautotrophs, 
while other three types of chlorophyll are not always present in oxygenic 
photoautotrophs, but can help to extend the range of absorbed light spectrum 
for some organisms. Carotenoids consist of a large group of biological 
chromophores with an absorbance range between 400-550 nm. Carotenoids 
are capable of transferring excitation to chlorophyll through accessory 
pigments, and protecting the organisms against excess irradiance. Some 
secondary carotenoids, such as xanthophylls, astaxanthin and canthaxanthin, 
are found in some algal species but do not transfer excitation energy like 
carotenoids (Masojidek et al. 2004). Phycobilins are normally found in 
cyanobacteria and red algae, which can absorb blue-green, green, yellow and 
orange light.  
 
2.7.3 Photorespiration 




organic carbon to CO2 without any metabolite gain (Sharkey 1988). RuBisCO, 
the enzyme that captures CO2 during dark interactions, also has a binding 
affinity for O2. Photorespiration depends on the O2/CO2 concentration ratio. 
When the CO2 concentration is high, RuBisCO will fix CO2 to perform 
carboxylation. On the contrary, if the CO2 concentration is low, RuBisCO 
favors O2 binding instead of CO2. In order to minimize photorespiration, a 
higher CO2/O2 ratio would be suggested to apply in microalgal cultivation. 
 
2.8 Microalgal cultivation 
A typical homogenous microalgal culture in a batch system shows an ideal 
growth pattern with the following sequence: lag phase; accelerating growth 
phase; exponential growth phase; decreasing log phase; stationary phase and 
accelerated death phase (Becker 1994). Continuous and semi-continuous 
culture systems following the same growth pattern (though not always fully) 
are often applied in microalgal production as well. In batch cultures, the 
nutrient supply is limited and nothing is added or removed during algal growth. 
Whereas, a fresh medium is supplied to the homogenous culture, and the algal 
culture is harvested continuously in continuous culture systems. There are 
three types of continuous algal culture mode: chemostat, cyclostat and 
turbidostat. In chemostat, the rate of medium adding is the same as the rate of 




means constant cyclical illumination, which allows the exposure of algal 
culture under an intermittent light supply during any 24 h period. A turbidostat 
is an elaboration of chemostat, where the algal concentration in culture is 
maintained at the same level (constant turbidity). Semi-continuous culture can 
also be called the fed-batch culture, where medium is added continuously or 
intermittently while the culture is periodically removed. It is not compulsory 
for the culture volume in the semi-continuous mode to be constant.  
 
Microalgae are able to grow under three cultivation conditions, namely 
photoautotrophic, heterotrophic and mixtrophic (Kleinová et al. 2012). In 
photoautotrophic conditions, microalgae utilize energy from light to perform 
metabolic processes and fix CO2. In heterotrophic conditions, algae consume 
organic carbon for growth and a light supply is non-essential. The combination 
of these two conditions is called the mixtrophic conditions.  
 
2.8.1 Cultivation parameters 
The growth of microalgae, including photosynthesis, growth pattern, cellular 
metabolism and cell composition, is influenced by many cultivation 
parameters, particularly the light supply, temperature, pH and mixing. Great 
efforts have been made to investigate the optimal cultivation conditions for 





The light supply plays the most important role in microalgal growth, 
especially for autotrophic growth. Light can be normally derived from two 
types of light sources: the natural light source and the artificial light sources. 
Sunlight, being natural light, is absorbed by microalgae under outdoor 
conditions. Direct sunlight utilization depends on the geographic location of 
the outdoor cultivation systems: areas with abundant sunlight radiation and a 
warm climate would be preferable for culturing microalgae outdoors. In the 
Williams and Laurens’ review paper (2010), the figure for the global 
distribution of total incoming radiation showed that the areas with the most 
abundant sunlight are located in the vicinity of equator. Sunlight can be also 
harvested by a light collector and transferred using a bundle of light optical 
fibers to reduce the usage of artificial light in indoor algal culture (Xue et al. 
2013). Artificial light is provided for indoor algal culture and used to 
compensate for a reduced supply of sunlight caused by seasonal change in 
some countries. Fluorescent lamps and light-emitting diodes (LEDs) are most 
often used as artificial light sources. Many researchers have studied the effects 
of light intensity, duration and different light wavelength on microalgal 
growth and their compositions (Ogawa and Aiba 1981; Leonardos and Geider 
2004; Wahal and Viamajala 2010; Yeh et al. 2010; Li et al. 2012; Xu et al. 
2012; Kim et al. 2013; Wahidin et al. 2013). Light intensity can be changed 




low, due to the lower algal concentration. With the increase of microalgal 
density, light intensity can be adjusted to be higher in order to reduce the 
difficulty of light penetration in algal culture. The optimal light intensity 
varied with different algal species and cultivation conditions. Li et al. (2012) 
found that the optimal light intensity for Chlorella kessleri was 120 µmol m-2 
s-1 while it was 30 µmol m-2 s-1 for Chlorella protothecoide when microalgae 
were cultured in concentrated wastewater. Nannochloropsis sp. can perform 
maximum cell concentration and has the highest growth rate under a light 
intensity of 100 µmol m-2 s-1 with a 18 h/6 h light/dark regime. The effects of 
light wavelength and wavelength mixing ratio on the growth of Scenedesmus 
sp. were examined by Kim et al. (2013). They found that mixed red light (670 
nm) and blue light (450 nm) supported a 50% higher Scenedesmus sp. 
production rate, compared to the culture using white light for algal growth. 
The change of algal cell compositions is also induced by variation of light 
intensity. Chlorella vulgaris preferred to produce starch (from 8.5% dry 
weight to 40% dry weight) when the mean illumination intensity was 
increased from 215 µmol m-2 s-1 to 330 µmol m-2 s-1 (Brányiková et al. 2011). 
The UV-b in normal radiation was found to affect the lipid contents and 
compositions in algal cells, and the results varied with different algal species 





Generally, the temperature range for microalgal growth is from 20 to 40°C. 
Temperature, as one of the most important cultivation parameters, regulates 
the photosynthetic and metabolic processes of microalgae. Franco et al. (2011) 
cultured Chlorella sorokiniana under suboptimal temperatures (20°C) and 
found that the specific growth rate of C. sorokiniana significantly decreased, 
and the photosynthetic efficiency and productivity were much lower than C. 
sorokiniana cultured under its optimal growth temperature (38°C). 
Researchers know that microalgal lipid contents and compositions are 
temperature-dependent (Sheng et al. 2011; An et al. 2013). However, it seems 
that no constant trends of lipid contents with growth temperature have been 
found, and there is also no such pattern between lipid composition and growth 
temperature (Li et al. 2013). For indoor microalgal cultivations, the growth 
temperature is maintained at an optimal value. Maintaining the growth 
temperature is impossible for outdoor cultivation since there is seasonal or 
even daily change in environmental temperature. In that case, heating in the 
winter and cooling in the summer would be necessary for algal outdoor 
cultivation. It was found that a relatively higher temperature during the day 
was favorable for algal growth, and a lower temperature during the night 






The optimal pH value for most microalgal species is around 7 (neutral) while 
some of them favor higher or lower pH conditions. For instance, Spirulina 
platensis can keep growing under pH 9 (Hu et al. 1998). pH actually affects 
the form of CO2 dissolved in the medium (including free CO2, HCO3-, CO32- 
and H2CO3). Uptake of other inorganic compounds in the medium, such as 
NH4+ and iron, may also be influenced by pH. Microalgal culture experienced 
a continuous increase of pH in the bioreactor when CO2 was consumed (no pH 
control) (Suh and Lee 2003). Higher pH inhibits algal growth, whereas 
pathogens and other microorganisms possibly existing in algal culture could 
be inactivated. Control of pH can be achieved by adding an acidic or buffer 
solution. The effects of pH on the growth of Chlorella vulgaris was 
investigated under heterotrophic conditions (Yeh et al. 2012). The change of 
pH from pH 8.5 to pH 7 resulted in the increases of biomass yield, lipid 
content and lipid productivity.  
 
Mixing 
The influences of mixing on microalgal growth include several aspects. 1. 
Mixing prevents the sedimentation and aggregation of algal cells; 2. Mixing 
offers a good mass transfer effect to make sure that algal cells are able to 




capable of inducing the light and dark cycles, which is beneficial to algal 
growth. Radiation can be evenly distributed, so that all the algal cells in the 
PBR reduce their mutual shade when algal concentration is high; 4. Stripping 
photosynthetically produced O2 can be achieved by mixing. O2 should be 
effectively removed from the closed PBR cultivation systems. O2 
concentration could be built up to 400% of air saturation value in the PBR 
(Kunjapur and Eldridge 2010). The combination of high O2 concentration and 
strong light intensity results in photoinhibition, which is detrimental to algal 
cells; 5. Temperature and pH stratification in the PBR can be broken by good 
mixing. Mixing can be provided by pumping, sparging and mechanic stirring 
(Kumar et al. 2010). Strong mixing is not always good for microalgal 
cultivation because higher hydrodynamic and shear stress brought by strong 
mixing can reduce algal productivity and lead to the breakage of algal cells 
(Barbosa et al. 2004; Grobbelaar 2010). In addition, strong mixing means 
higher energy consumption, which may increase the algal production cost. 
 
2.8.2 Cultivation nutrients 
Microalgae obtain various nutrients from the culture medium. In general, the 
culture medium must contain nitrogen, phosphorus, essential inorganic salts 
and other micro-nutrients. Carbon can be derived in organic forms or 




according to different algal species. Besides artificial culture media, municipal 
wastewater and digested piggery effluent have been successfully used for 
microalgal cultivation (Kong et al. 2010; Kumar et al. 2010). 
 
Carbon 
The carbon sources for microalgal growth are categorized as inorganic carbon 
sources and organic carbon sources. In autotrophic algal cultivation, CO2 
enriched air is sparged into the algal culture and the effects of CO2 
concentration on the growth of various algal species and accumulation of 
metabolites have been extensively studied (Kim et al. 2004; Chiu et al. 2009; 
Ota et al. 2009). Sodium bicarbonate, as another kind of inorganic carbon 
source, was supplied for algal growth also. It was found that a higher 
concentration of NaHCO3 in the medium resulted in a higher biomass 
concentration and specific growth rate (Yeh et al. 2010; Lin et al. 2012). 
Organic carbon sources, including glucose (Ogawa and Aiba 1981; Mayo and 
Noike 1994), fructose, sucrose and acetic acid (Yeh et al. 2012), have been 
used in heterotrophic and mixtrophic algal cultivation.  
 
Nitrogen 




growth. It is the essential constituent of all proteins in microalgal cells. 
Nitrogen is usually provided in the form of nitrate or ammonium salts, such as 
NaNO3 or NH4Cl, in the media. Microalgae can make use of 
photosynthetically fixed carbon to synthesize lipids or carbohydrates, rather 
than proteins, under nitrogen-limiting conditions (Recht et al. 2012). 
 
Phosphorus 
As another essential macronutrient for microalgal growth, phosphorus 
participates in the algal metabolic processes for forming many structural and 
functional components (Hu 2004). Phosphorus must be supplied in excess 
since phosphate may react with the metal ions in the medium (Chisti 2007). 
The N:P ratio has been found to be critical for algal cultivation with balanced 
growth, and also the uptake of nitrogen and phosphorus from the medium 
(Leonardos and Geider 2004; Xin et al. 2010). Orthophosphate is often used as 
the phosphorus source in most algal culture media. The pair of H2PO4- and 
HPO42- , which existed in many culture media as the buffer, helps to maintain 
the pH of algal culture within a relatively stable range.  
 
Other nutrients 




Mo and Cu) and vitamins are typically added in the medium for healthy 
microalgal growth. All the nutrients mentioned above play different roles 
during algal growth. For example, NaCl is used to regulate the salinity of 
medium, Mg is a component of chlorophyll a, and ferredoxin consists of Fe 
and S. 
 
2.8.3 Cultivation systems 
Microalgal cultivation systems can be broadly classified as two types, the 
open system and the closed system. Open pond is representative of the open 
culture system, which is currently the most feasible culture system for large 
scale production of algal biomass (Grobbelaar 2012). The closed culture 
system includes different kinds of PBRs with different cultivation scales. In 
Christenson and Sims’s review (2011), open ponds and closed PBR systems 
are the so-called suspended culture systems. There are still some other 
immobilized systems, including matrix-immobilized systems (Hameeed and 
Ebrahim 2007) and biofilms (attached algal culture system) (Johnson and Wen 
2010). The benefits of the immobilization system are supporting higher 
culture densities, lower water and land requirements as well as lower energy 
cost for harvest; however, the economics of such system were quite 





Open pond system 
The common forms of open pond cultivation systems include natural or 
artificial ponds, race-track ponds, and cascades (Masojídek 2008). Such 
systems entail having large surface areas exposed to the surroundings, 
allowing for natural illumination and gaseous transfer between the algal 
culture and the environment. These systems are built from clay or concrete 
and are usually lined with polyvinyl chloride to avoid loss of media and 
nutrients. They are relatively shallow, with a depth of 0.15 to 0.45 m, to allow 
maximum sunlight penetration (Murthy 2011). Such open pond systems confer 
certain advantages for mass algal cultivation. Firstly, these systems are 
significantly cheaper to construct as opposed to PBR systems. Additionally, 
they are easier to operate as well, since they only require control over nutrient 
concentration and water loss. However, open ponds have a number of 
limitations. Firstly, even though the energy requirements for the paddles are 
relatively low, they are only able to achieve low gas transfer efficiency. This 
may call for the use of aerators, but it will significantly raise the energy input. 
Secondly, pond temperature and illumination are non-controllable, and they 
rely heavily on the location of the facility. Even though evaporation from the 
ponds may aid in the regulation of the medium’s temperature, such a cooling 
mechanism will result in significant water loss. Furthermore, it is extremely 
hard to maintain algae monocultures in such open pond systems due to 





PBRs are closed systems which permit the exchange of light and energy but 
exclude material exchange with the surroundings. They may come in various 
designs, including tubular, flat plate and column bioreactors (Ugwu et al. 
2008). Mixing within these PBRs are usually done with aeration or flow 
movement of the culture as it passes through the systems. Compared to the 
open pond, these closed PBRs allow for parameter optimization according to 
the biological and physiological characteristics of the cultivated microalgal 
species. This gives the operators the ability to provide the microalgae with the 
best surroundings, while minimizing contamination due to other algal 
species/bacteria. Additionally, the PBRs have smaller area requirements for 
the same volume of culture in an open pond system, and provide the 
possibility of temperature regulation without extensive water loss (Murthy, 
2011). However, such PBRs usually come with a steeper price tag as 
compared to open pond systems. They also incur higher operating costs due to 
the higher pumping energy required for circulation and need for temperature 
control. Furthermore, the system needs to be degassed to remove excess 
oxygen which will hinder the growth of microalgae (Masojídek, 2008). 
Maintenance is also an issue since it is usually more difficult to clean, due to 
bio-film formation on the PBR walls. The scalability of different PBR designs 
is different. Bubble-column, airlift, and stirred-tank are thought to be easier for 




Developing efficient PBRs with good scalability but lower building and 
operating costs for mass production of microalgae are of the greatest 











Fig. 2.3 Different algal culture systems designed in this project. The simulated 




In small-scale experiments, microalgae are usually harvested by centrifugation. 
However, it is quite expensive to centrifuge algal culture in pilot-scale or 
large-scale cultivations. Harvest is considered as one of the major hurdles for 
bulk commercial algal production due to its capital intensive and 
energy-inefficient drawbacks. Traditional filtration is not effective enough for 






pores of the filter would be clogged by algal cells. Some improvements in the 
filtration process applied polymer membranes including 
polytetrafluoroethylene, polyvinyl chloride, polyethersulfone, 
polyvinyl-pyrollidone, and poly vinylidene fluoride to do microalgal filtration. 
Researchers found that the energy consumption for membrane filtration was 
lower compared with centrifugation (Lee et al. 2012; De Baerdemaeker et al. 
2013). However, membrane fouling must be overcome for this technology, 
and the centrifuge process is still necessary as a follow-up. Currently, the most 
efficient method with a lower energy and capital cost for microalgal harvest is 
flocculation. It is known that surface charge repels algal cells against each 
other due to electrostatic force. When flocculants were added into the algal 
culture, the surface charge was blocked so that algal cells can adhere to form 
flocs (Schlesinger et al. 2012). pH was found to be the most crucial factor in 
the flocculation process and a higher pH is favorable. Alkaline flocculants 
(such as NaOH, Mg(OH)2) were first studied for their effects on algal 
flocculation a long time ago (Folkman and Wachs 1973). Subsequently, 
various flocculants were investigated, including chitosan (Xu et al. 2013), 
ferric salts (de Godos et al. 2011), aluminum salts (Şirin et al. 2011), and 
titanium tetrachloride (Zhao et al. 2012). Magnetic microparticles have been 
successfully used to separate Chlorella vulgaris from a diluted suspension 
(Prochazkova et al. 2013). On the other hand, physical treatments are applied 




aggregation (Bosma et al. 2003). Matos et al. (2013) reported an innovative 
way of using Electro-Coagulation to harvest marine Nannochloropsis sp., and 
the recovery efficiency could reach up to 97 %. Microbubble technology could 
also become an affordable and easier method for algal separation in the near 
future (Hanotu et al. 2012). In addition, bio-flocculation was induced through 
using one flocculating microalga to concentrate non-flocculating microalga of 
interest (Salim et al. 2011), or by using microalgae-associated bacteria to 
enhance algal flocculation (Lee et al. 2013).  
 
2.10 Application of microalgae 
2.10.1 Feedstock for biofuels 
Lipids 
Lipids are a large group of many types of molecules, including fats, sterols, 
triglycerides, and phospholipids. The main biological functions of lipids are 
storing energy and the cell membrane structural components. The potential 
yield of the oil (lipid) derived from algae has been shown to be much higher 
than other oil crops, such as sunflower and soybean (Kleinová 2012). The 
amount of lipids may differ within microalgal species, but generally the lipid 
content varies between 20 to 77% of the dry weight of algal biomass. It has 




optimizing the growth determining factors in algal culture (Hu 2008). Lipids 
extracted from the algal biomass can be converted to biodiesel based on a 
transesterification process (Chisti 2007). These microalgae-based biodiesel 
have been applied in fueling vehicles and jet planes (Georgianna et al. 2012). 
The problems that hinder the successful commercialization of algal biodiesel 
are as follows: Firstly, the selection of suitable oleaginous microalgal species 
for cultivation purposes with high lipid contents and growth rates is limited 
(Lardon et al. 2009). Secondly, lipid production must be increased to recover 
the overall production cost. For the first problem, several promising algal 
species have been screened as potential biodiesel producers due to their higher 
lipid and biomass yield, like Chlorella emersonii (Scragg et al. 2002) and 
Chlorella. protothecoides (Cheng et al. 2009). Increasing the algal lipid 
production can be done in two routes: by manipulation of the culture system 
in terms of the engineering and design, and changing the phycological 
metabolism of the microalgal cell (Suali and Sarbatly 2012). One of the most 
widely applied phycological approaches is two-stage cultivation. The first 
stage involves the proliferation of algal cells with fast growth rate under 
nutrient-sufficient conditions, and the second stage deals with accumulating 






Carbohydrates are the major products of photosynthesis and carbon fixation 
metabolism. They also include various types of molecules, such as starch, 
which is the reserve material, and cellulose, as the main component of cell 
walls (Chen et al. 2013). The carbohydrate content in microalgae can be as 
high as 70% (Nahak et al. 2011), and starch content can reach 60% of the dry 
weight of algal biomass (Brányiková et al. 2011). Currently, the most widely 
used biofuel is bioethanol, which is produced from sugar-based (sugarcane) 
and starch-based (maize) feedstocks (Bai et al. 2008). Sugar-based bioethanol 
production is limited by geographical location and Brazil is the only exporter 
of sugar-based bioethanol (Goldemberg 2007). Developing starch-based 
bioethanol suffers from the food vs. fuel dilemma. The lignocellulosic 
biomass cannot be efficiently and economically converted to biofuels due to 
its costly pretreatment process, even though they exist in an abundant amount 
in nature (Himmel et al. 2007). In contrast, carbohydrates from algae are 
suitable for bioethanol production since microalgae-based carbohydrates exist 
in the form of starch and cellulose, but without lignin, and are thus more 
easily converted to monosaccharides, to eventually produce bioethanol (Harun 
et al. 2010). Researchers have found that certain microalgal species can 
accumulate a large amount of carbohydrates, including Chlorella, Dunaliella, 
Tetraselmis and Chlamydomonas (John et al. 2011). Recently, algal biomass 




been studied for producing biogas and bioethanol (Georgianna et al. 2012; Lee 
et al. 2013). 
 
Proteins 
Proteins take up the large proportion of algal biomass weight. The protein 
content in microalgae can reach values as high as 60% (Becker 2007). They 
are seldom used to produce biofuels because of the difficulty of deaminating 
protein hydrolysates. However, recently, there have been report of successful 
conversion of algal proteins to biofuels through applying engineering 
modified bacteria (Huo et al. 2011). 
2.10.2 Food commodities and pharmaceuticals from microalgae 
Nowadays, microalgae are considered as a potential supplement for vegetarian 
proteins and oil. As a matter of fact, microalgae have been used as food since 
World War II, in Germany. Proteins from microalgae are comparable to other 
food proteins due to their good profile and good proportion of their amino 
acids (Becker 2007). Recently, transgenic microalgae have attracted greater 
interest for the production of therapeutic recombinant proteins, such as 
monoclonal antibodies, vaccines, hormones, among others (Gong et al. 2011). 
The presence of long-chain polyunsaturated fatty acids in microalgae, 




precursor and stearidonic acid, have been confirmed for their cardio-vascular 
health benefits (Rocha et al. 2003; Gong et al. 2011; Draaisma et al. 2013). 
Many microalgal polysaccharides can modulate the immune system 
(Schepetkin and Quinn 2006) and have unique medical applications. For 
example, algal sulfated polysaccharides are known for their antioxidant, 
antitumor, anticoagulant, anti-inflammatory, antiviral and immunomodulating 
activities (Yen et al. 2013). Pigments can be also used as food, and food 
additives, as well as health promoting supplements (Spolaore et al. 2006). The 
pharmaceutical potential utilization of carotenoids (astaxanthin, β-Carotene 
and lutein) and phycobilins include antioxidants, anti-inflammatory, neuro 
protective and hepatoprotective agents (Markou and Nerantzis 2013). In 
addition, several algal species produce vitamins which could be used in the 
food and health sector (Carballo-Cárdenas et al. 2003; Durmaz 2007). 
 
2.10.3 Wastes treatment 
Biological systems can be applied to remove waste from the environment. 
With the ability to capture CO2, microalgae have been used for CO2 
sequestration as an alternative biological approach. The captured CO2 traced 
from power plant flue gas can be converted to biomass through microalgal 
photosynthesis, so as to reduce net GHG emissions (Chiu et al. 2011; Chen et 




upgrading (Kao et al. 2012). Interestingly, utilizing higher concentrations of 
nitrogen, phosphorus and other organic pollutants in wastewater as the 
nutrients makes microalgae grow and helps with wastewater treatment 
(Lincoln and Earle 1990). In particular, the treatment of livestock effluents 
from dairy farms with microalgae has received increasing attention. 
Microalgae, especially algal species with the extracellular 
polysaccharide-producing ability, are good biological absorbents for removing 
heavy metal ions from polluted water (Wilde et al. 1993; Mallick 2002; Mehta 
et al. 2005). Recently, the integration of microalgae culture, waste treatment, 
and biofuel production has been proposed by researchers (Menger-Krug et al. 












Fig. 2.4 Flow chart of microalgal biofuel production combined with 
wastewater treatment and CO2 mitigation (adapted from (Costa and de Morais 
2011), got official license of reusing it in this thesis from the publisher. 
















The microalgae species, protocol of culture medium, cultivation systems, 
analysis and measurement techniques, calculation equations, statistical tests 











Chlorella vulgaris ATCC 13482 was a generous gift from Professor Kai-Chee 
Loh, Department of Chemical and Biomolecular Engineering, National 
University of Singapore. 
 
3.2 Culture medium for C. vulgaris 
The medium used for C. vulgaris cultivation was 3N-BBM+V (Bold Basal 
Medium with 3-fold Nitrogen and Vitamins; modified). pH was adjusted to 
6.55-6.6. The 3N-BBM+V medium contained macro-nutrients in g L-1: 
NaNO3, 0.75; CaCl2·2H2O, 0.025; MgSO4·7H2O, 0.075; K2HPO4·3H2O, 
0.075; KH2PO4, 0.175; NaCl, 0.025 and micro-nutrients in mg L-1: Na2EDTA, 
4.5; FeCl3·6H2O, 0.582; MnCl2·4H2O, 0.246; ZnCl2, 0.03; CoCl2·6H2O, 0.012; 
Na2MoO4·2H2O, 0.024; Thiaminhydrochloride,1.2; Cyanocobalamin, 0.01. 
All chemicals were purchased from Sigma-Aldrich (Singapore). 
 
3.3 C. vulgaris culture in the lab 
C. vulgaris was inoculated into 100 mL 3N-BBM medium (without vitamins) 
and cultured in sterile condition under room temperature for 8 d. A 14/10 h 
light/dark cycle with 22.95 µmol of photons m-2 s-1 was provided by two cool 






C. vulgaris used for outdoor culture inoculum was cultivated indoors in a 4 L 
glass conical flask capped with rubber stopper containing 3 L autoclaved 
3N-BBM+V medium. There were two ports in the rubber stopper: the inlet 
port was connected with an air pump for sparging sterile air in the culture; the 
outlet port was connected with a membrane filter for the effluent gas coming 
out. The flask was placed on a hotplate with a magnetic stirrer inside 
providing good mixing under room temperature and fed with sterile air at 0.4 
vvm (volume gas per volume medium per min). The illumination was 
provided by four cool fluorescent lamps with a 12 h/12 h light/dark cycle. The 
pH of medium was adjusted to be 6.5 using 1 M NaOH. In chapter 4, for the 
long term cultivation, C. vulgaris was semi-continuously cultivated for 18 
months. One-fourth of algal culture was replaced by fresh 3N-BBM+V 
medium every 14 days. Two cool white fluorescent lamps provided a light 
intensity of 25.5 µmol of photons m-2 s-1 with 14/10 h light/dark cycle. In 
chapter 5, when algal concentration reached 1 g L-1, the algal culture can be 
used as inoculum source for outdoor cultivation. In chapter 6, the algal culture 
was ready to be transferred to the bubble columns when it reached the late 





3.4 Outdoor cultivation of C. vulgaris 
7.5 L of 3N-BBM+V medium were inoculated with the prepared C. vulgaris 
culture in pilot-scale bubble columns (diameter of 0.1 m; height of 1.014 m) 
(Fig. 5.1). Initial C. vulgaris inoculum density was adjusted at 0.25 g L-1. Pure 
CO2 was mixed with sterile air and pumped into the bottom of the column. 
CO2 was provided during the day-time only. All the experimental facilities 
were located on the roof of a building for sunlight & weather exposure. 
 
3.5 Analytical methods 
3.5.1 pH and dissolved oxygen measurement 
pH of the medium was measured using a pH meter (Thermo, USA). Dissolved 
oxygen (DO) concentration in the medium was determined with a DO meter 
(EUTECH, USA). 
 
3.5.2 Outdoor cultivation parameters measurement 
The light intensity on the bubble column surfaces was measured with a 
photometer (STI&BAL, China), and the temperature in the bubble column 
was measured by a thermometer (Brannan, England). The official weather 
data including sunlight hour and max/min environmental temperature was 






3.5.3 Nitrate and phosphate concentration measurement 
Supernatant obtained after each algal culture centrifugation was collected. The 
concentration of nitrate and phosphate was quantified by colorimetrical 
method on the corresponding Reflectoquant test strips (Merck, Singapore) 
using Merck’s® RQFlex 10 spectrophotometer. 
 
3.5.4 Extracellular organic carbon measurement 
The extracellular organic carbon (EOC) in the medium of algal culture was 
measured by a total organic carbon (TOC) analyzer (Shimadzu, Japan). The 
algal culture was centrifuged at 5,600×g for 10 min. The supernatant was 
filtered using a 0.22 µm pore size filter and the cell-free broth was transferred 
to measuring tubes specially used for TOC analyzer. Glucose was used as the 
standard to make the calibration curve for EOC measurement. 
 
3.5.5 Biomass concentration measurement 
The algal culture was harvested and centrifuged at 5,600×g for 10 min. 
Supernatant was discarded and the cell pellets were washed thrice with DI 




biomass was determined gravimetrically. The algal growth curve was 
expressed in terms of dry cell weight (DCW) (g L-1). The biomass 







=   
 
where Ct was the biomass concentration at the last day of cultivation, C0 was 
the initial biomass concentration, t was the cultivation time. The dry algal 
biomass was pulverized to fine powder by using mortar and pestle. 
 
3.5.6 Lipid extraction and measurement 
The total algal lipid content was gravimetrically measured using a method 
adapted from Bligh and Dyer (1959). 50 mg dry algal biomass powder was 
weighed and mixed with 3 mL methanol in a glass vial. Sonication was done 
by using Sonics Vibracells (Sonics & Materials, USA) for 15 min before 6 mL 
chloroform was added. The samples were stirred magnetically overnight in the 
dark, then 5 mL DI water was added into the vial and the mixture was stirred 
again for 15 min. The mixture was centrifuged (2,300×g for 10 min) to form 
three layers. The upper layer consisted of methanol and water while the 
bottom layer contained chloroform and lipid. The middle layer in between was 




pre-weighed dry glass vial. The chloroform-lipid mixture was left in the fume 
hood and was blown with compressed air to speed up the chloroform 
evaporation until all of the chloroform was removed. The total lipid content 










where, totalW  was the weight of glass vial with algal lipid while vialW  was 
the weight of vial. biomassW  was the algal biomass weight used for lipid 
extraction. The lipid productivity (mg L-1 d-1) was calculated based on 
equation: 
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Content  was the lipid content at the last day of cultivation; 
0lipid
Content  was the initial lipid content in algal cells. 
 
3.5.7 Carbohydrate extraction and measurement 
Total carbohydrate in the dry algal biomass was extracted in 2 mL 80% 




1972). After that, mixture was filtered and solution was collected. DI water 
was used to wash the cell debris thrice and harvested to mix with the previous 
solution. The total amount of carbohydrate in the solution was determined 
using the phenol–sulfuric acid method (DuBois et al., 1956), with glucose 
used as the standard. 
 
3.5.8 Protein extraction and measurement 
Proteins in the dry algal samples were extracted based on the method adapted 
from Barbarino and Lourenco (2005), which was modified accordingly in this 
study. Generally, 1 mL DI water was mixed with dry algal biomass powder 
and stirred for 24 h at room temperature. The mixture was centrifuged and 
supernatant was collected. 1 mL 0.1 N NaOH was added to the residual cell 
pellets. Algal cell was resuspended in NaOH solution and stirred for 1 more 
hour. The supernatant was then collected after centrifugation and mixed with 
the previously obtained supernatant. Algal cell pellets were washed by DI 
water thrice and all the supernatant was collected after centrifugation. The 
protein in the supernatant was quantified by using the Micro BCATM Protein 
Assay Kit (Thermo Scientific, USA), with bovine serum albumin (BSA) used 





3.5.9 Chlorophyll extraction and measurement 
Chlorophyll was extracted by 90% methanol water solution at 4°C for 48 h. 
Algal cells were collected by centrifugation (5,600×g, 10 min). Supernatant 
was discarded and the pellets were washed thrice with DI water. The washed 
algal cells were resuspended in 90% methanol water solution (v v-1) and 
wrapped with aluminum foil. Samples were fixed on the rotator and rotated at 
4 °C for 48 h. The amount of chlorophyll was determined as follows (μg mL-1) 
(Lee and Shen 2004): 
 
 [ ] 650 665- =-8.3 +16.5Chl a A A× ×  
 [ ] 650 665-b =33.8 -12.5Chl A A× ×  
[ ] 665 650+b =4 +25.5Chla A A× ×  
 
3.5.10 Photosynthetic efficiency measurement 
The physiological status of microalgae can be determined by photosynthetic 
efficiency of photosystem II (Fv/Fm) (Hodoki et al. 2011). First, 10 mM stock 
solution of DCMU (3-(3,4-dichlorophenyl)-1,1-dimethylurea) was prepared in 
90% ethanol (v v-1). A microplate reader (Tecan, Switzerland) was used to 
measure the fluorescence intensity of algae. C. vulgaris culture was adapted in 
dark for 30 min. The fluorescence (F0) at 688 nm under excitation wavelength 




vulgaris culture and the fluorescence was immediately read again (Fm). The 
maximum photosynthetic efficiency of photosystem II was calculated as 









3.5.11 CO2 fixation rate and CO2 to biomass conversion efficiency 
The CO2 content in the inlet and the effluent gas mixture was determined by 
GC (Agilent 6890N). Physically dissolved CO2 in medium/algal culture was 
measured by CO2 analyzer (OxyGuard, Denmark). The CO2 fixation rate (g 















where MC was the molecular weight of carbon, MCO2 was the molecular 
weight of CO2 and Ccarbon was the carbon content in the algal biomass.  
 















where Vcolumn was the working volume of bubble column, VCO2 was the 
volume of total consumed CO2 during cultivation, 
2CO
ρ was the density of 
CO2. 
 
3.5.12 Fatty acids analysis 
The in-situ transesterification was applied for fatty acids (FAs) quantification 
and the composition analysis. The dry algal biomass were homogenized in 
methanol and disrupted through sonication with Sonics Vibracells (130 Watt, 
2-kHz) for 15 min. After sonication, hexane was added and transesterification 
was performed at an acid concentration (98% concentrated sulphuric acid) of 
2% (v v-1). The mixture was stirred at room temperature for 15.5 h. After that, 
DI water was added to the mixture and vortexed for 10 min before being 
centrifuged at 1, 200 ×g for 5 min. The hexane layer containing FAMEs was 
extracted and analyzed by GC-MS (Agilent 7890A gas chromatography 
coupled with an Agilent 5975C mass spectrometry). The GC-MS was 
equipped with a HP-5ms capillary column (5% phenyl methyl silox, 30 m × 
0.25 mm ID × 0.25 μm film thickness). Helium was injected as the carrier gas 
into the column. The oven temperature was programmed at an initial 
temperature of 50°C and it was raised linearly at a rate of 15°C min-1 to 180°C, 
then to 230°C at 2°C min-1, and finally to 300°C at 45°C min-1. FAMEs were 




fragmentation pattern with known standards (AccuStandard, USA) and with 
the NIST library. Internal standard heptadecanoic acid methyl ester and 
calibration curve was used to quantify the amount of FAMEs. 
 
3.5.13 Elemental analysis 
Dry pulverized algal biomass powder was sent to Elemental Analysis 
Laboratory, Department of Chemistry, Faculty of Science, National 
University of Singapore for analysis of carbon, hydrogen and nitrogen 
elemental contents. The instrument used was Elementar Vario Micro Cube 
(Elementar Analysensysteme GmbH, Germany) 
 
3.5.14 Scanning Electron Microscopy 
For scanning electron microscopy (SEM), cells were fixed on a glass slide 
with 1.5% (v v-1) glutaraldehyde and incubated at 4°C for 24 h covered by 
aluminum foil. The fixed sample was washed carefully with ultra-pure water 
and desiccated by soaking sample in 25% (5 min); 50% (5 min); 75% (5 min) 
and 100% (5 min) ethanol water solution (v v-1). The prepared sample was 
coated with platinum by fine coater (JEOL, Japan) for 90 s and observed 





3.6 Statistical analysis 
In chapter 4, results were expressed as the mean ± SD of triplicate 
independent cultures. In chapter 5, Data in Fig. 5.3c was normalized by 0 d 
dry biomass of only sparging air and expressed by normalized biomass ratio. 
Meanwhile, data in Fig. 5.5b as well as table 5.2, 5.4, 5.6 and 5.8 was 
normalized by data of sparging air only correspondingly. Results were 
expressed as the mean ± SD of triplicate independent cultures. In chapter 6, 
algal biomass results were expressed as the mean ± SD of triplicate 
independent cultures. Lipid content and FAMEs analysis was conducted by 
two independent duplicates. Differences between the groups were statistically 
analyzed by using one-way ANOVA and marked by * (p<0.05). 
 
3.7 Specific experimental section of chapter 4 
3.7.1 Isolation of symbiotic bacteria from C. vulgaris culture 
Fifty milliliters of 18 months-old C. vulgaris culture broth was transferred to a 
centrifuge tube. After centrifugation (5,600×g for 5 min at 25°C), a sterile 
inoculating loop was used to carefully scrape down the white layer on the 
surface of the algal pellet and the scraped layer was resuspended in 1 mL 
prepared sterilized DI water. Bacteria contained in the scraped layer in DI 




glucose, 10; peptone, 5; yeast extract, 2; MgSO4·7H2O, 1; agar, 20 if 
necessary) agar plates. These agar plates were incubated at 37 °C in an 
incubator in the dark. After colony formation, single colony isolation was 
achieved by repeating transfers onto the similar agar plates. For the co-culture 
experiments, 50 mL heterotrophic liquid medium was transferred into a 150 
mL flask, and then single bacterial colony was inoculated into the medium 
and incubated in a rotary shaker (New Brunswick Scientific, USA) at 37 °C at 
250 rpm for 48 h to obtain sufficient bacterial cells. 
 
3.7.2 Identification of symbiotic bacteria 
For the genetic identification of symbiotic bacteria, the extraction and 
purification of bacterial chromosomal DNA was conducted by using a DNA 
purification kit (Wizard® SV Genomic DNA Purification System, Promega). 
The bacterial DNA samples were sent to 1st BASE Pte Ltd (Singapore) for 
further analysis using 700 bp oligonucleotides. The DNA sequences thus 
obtained were compared with known sequences through BLAST 
(http://www.ncbi.nlm.nih.gov/). Phylogenetic analysis was conducted based 
on neighbor-joining method by MEGA5.0 and ClustalX1.83. 
3.7.3 Purification of C. vulgaris culture 




2005): 100 mg penicillin G, 25 mg dihydrostreptomycin sulfate, 25 mg 
gentamycin sulfate were dissolved in 10 mL DI water and was sterilized by 
membrane filtration. First, 1 mL antibacterial mix was added in the prepared 
100 mL C. vulgaris culture and incubated under the same conditions as 
mentioned above.  The purity of C. vulgaris culture was checked by a 
LIVE/DEAD ® BacLightTM Bacteria Viability kit (Invitrogen, USA) every 24 
h. Further confirmation of C. vulgaris culture purity was checked by 
inoculating the culture broth on heterotrophic medium agar plates which were 
also used as the symbiotic bacteria culture medium. After 72 h, no viable 
bacteria were observed under fluorescent microscope and there were no 
colonies formed on the surfaces of agar plates. The purity of algal culture was 
confirmed and the purified culture was washed by sterilized DI water thrice 
before being used as an inoculum source for the co-culture experiments. 
 
3.7.4 Co-culture C. vulgaris and symbiotic bacteria  
The inoculum density of C. vulgaris was adjusted to 1.5×106 cells mL-1 
through UV-Vis spectrometer (Shimadzu, Japan) based on the absorbance 
value of cell broth at 683 nm. The prepared algal cells were inoculated with 
bacteria on the number ratio of 3:1 into 500 mL flask containing 200 mL 
3N-BBM+V medium and sealed with a silicon stopper. Co-culture was 




14/10 h light/dark cycle was provided by four cool white fluorescent lamps 
with 87.75 μmol of photons m-2 s-1. For photoautotrophic cultivations (without 
exogenous organic carbon), the sterile air flow rate was adjusted to 250 mL 
min-1 while no aeration was provided when 0.1 g glucose was added in the 
medium under photoheterotrophic condition. The algal cell concentration was 
measured by counting the cell number using a hemocytometer under a 
microscope. The density of bacteria was determined by spreading 10 µL cell 
broth pretreated in ultrasound water bath on prepared heterotrophic medium 
agar plates and counted the bacterial colonies formed after incubating at 37 °C 
for 24 h without illumination. 
 
3.8 Specific experimental section of chapter 5 
3.8.1 Adjustment of different CO2 input conditions for outdoor culture of 
C. vulgaris in bubble columns 
The flow rate of CO2 enriched air was regulated at 0.4 vvm using a gas flow 
meter (Cole-Parmer, USA). CO2 concentrations (v v-1) of 2%, 4% and 8% 
were also controlled by the gas flow meters. Different CO2 input conditions 
but with the same total amount of CO2 were adjusted manually according to 
Fig. 5.2, with the four CO2 conditions being: Condition A of 2% CO2 
provided intermittently (1 h 2% CO2 enriched air/1 h air); Condition B of 4% 




sparging air only during other time of cultivation); Condition C of 2% & 4% 
CO2 alternatively supplied (30 min 4% CO2 enriched air twice and 60 min 2% 
CO2 enriched air twice while sparging air only during other time of 
cultivation); and Condition D of 2% CO2 provided corresponding to the 
increase trend of algal biomass concentration. The cultivation period was 7 d. 
 
3.9 Specific experimental section of chapter 6 
3.9.1 First-stage cultivation in outdoor environment 
2% CO2 (v v-1) enriched air was aerated from the bottom of column with a 
flow rate of 0.4 vvm. After 8-d cultivation, the growth of C. vulgaris in bubble 
columns reached the late exponential phase and all the cell cultures were 
harvested for second-stage cultivation.  
 
3.9.2 Harvest between the first and second stage 
C. vulgaris cells were harvested through self-sedimentation. The air sparging 
was switched off and let the algal cells settle down freely. Around 30 min 
later, almost all the algal cells were found at the bottom of columns and the 
supernatant was clear (Fig. 6.1). If the supernatant was still green, 1 mol L-1 of 
NaOH can be added in the culture with amount of 1:1000 (v v-1) to aid the cell 




washing of algal sludge was achieved by separately using different media 
applied in the following second-stage cultivation to wash it thrice.  
 
3.9.3 Second-stage cultivation in outdoor environment 
To investigate the effects of nitrogen and phosphorus limitation as well as 
salinity stress on algal biomass production and lipid productivity in the 
second-stage cultivation, several types of media were used in this chapter, 
which included: nitrogen limited (1/5 N - 1/5 of original nitrogen 
concentration in 3N-BBM+V medium (1.76 mmol L-1), 1/10 N (0.88 mmol 
L-1), 1/20 N (0.44 mmol L-1) and No N - No nitrate was provided), phosphorus 
limited (1/5 P - 1/5 of original phosphorus concentration in 3N-BBM+V 
medium (0.32 mmol L-1), 1/10 P (0.16 mmol L-1), 1/20 P (0.08 mmol L-1) and 
No P - No phosphate was provided), salinity stress (5×S - 5 times of original 
NaCl concentration in 3N-BBM+V medium (2.15 mmol L-1), 10×S (4.3 mmol 
L-1), 20×S (8.6 mmol L-1), 100×S (43 mmol L-1)), and control with normal 
sufficient nutrients. The washed algal sludge was re-inoculated with the media 
mentioned above in the bubble columns, respectively. The inoculum algal 
biomass density was adjusted at 1 g L-1 and all the bubble columns were still 
operated under outdoor conditions. Two types of aeration were provided: air 
or 2% CO2 enriched air. The algal culture was sampled each 12 h and the 




3.9.4 Equations for the determination of biodiesel properties 
Several important parameters of biodiesel quality can be determined 
according to the report of Arias-Peñaranda et al. (2013), including cetane 
number (Lapuerta et al. 2009), density (Lapuerta et al. 2010), kinematic 
viscosity (Krisnangkura et al. 2006), oxidation stability (Park et al. 2008) and 








CN db db n n
= ×




Density 15°С (kg m-3): 
 
































































= +  
 
Heating value (MJ kg-1) 
 
0.4625 39.45BiodieselHHV n= × +  
 
Where db means the number of double bonds in the fatty acid; m represents 
the number of carbon atoms in the alcohol used for the transesterification 
reaction; n represents the number of carbon atoms in the original fatty acid; z 











THE INTERACTIONS BETWEEN CHLORELLA VULGARIS AND 
ALGAL SYMBIOTIC BACTERIA UNDER PHOTOAUTOTROPHIC 




In this chapter, the interactions between microalgae and their associated 
bacteria under different culturing conditions will be presented. The result 











Microalgae have attracted increasing research interest due to their applications 
in producing biofuels, wastewater treatment, GHG absorption, nutrition and 
pharmaceutical industries. In the natural aquatic environment, microalgae 
always coexist with bacteria. The interactions between microalgae and 
bacteria are many (Cole 1982). For example, with regards to O2/CO2 
exchange in a symbiotic interaction, microalgae can produce O2 through 
photosynthesis for consumption by aerobic bacteria while the bacteria releases 
CO2 which is used by microalgae (Tison et al. 1979; Borde et al. 2003; Munoz 
and Guieysse 2006). This interaction has been applied in organic pollutants 
treatment to reduce the risk of volatilization and energy cost (Munoz et al. 
2004). Some bacteria have been found to secrete algal growth promoters, such 
as the phytohormone indole-3-acetic acid (IAA) (Mazur et al. 2001) while 
some of them release algaecides. Microalgae, on the other hand, can excrete 
antibacterial substances such as chlorellin (Pratt et al. 1944; DellaGreca et al. 
2010) or provide organic matter for bacterial growth. Seyedsayamdost et al. 
(2011) reported that associations between algae and bacteria were dynamic 
and the substances released were mediated by small molecules. In some cases, 
algae can inhibit bacterial growth by changing the pH and temperature in the 
culture (Munoz and Guieysse 2006). Algae and bacteria may also inhibit each 





Various applications of microalgae-bacterial interactions have been explored 
by many research groups. Mutually beneficial microalgae-bacterial interaction 
has been applied in the wastewater treatment (de-Bashan et al. 2002; Zhong et 
al. 2011; Su et al. 2012). The bacterial growth-promoting effect on algae has 
been considered as a strategy for increasing the production of microalgae 
(Suminto et al. 1997; Rivas et al. 2010). The algal growth inhibition effects of 
bacteria have been utilized as one of the biological methods to manage 
harmful algal blooms in aquatic systems (Imai et al. 1995; Lee et al. 2008; Liu 
et al. 2008). However, many applications are based only on empirical 
knowledge due to the complexity of microalgae-bacterial interactions. A 
better understanding of these interactions, in detail, is necessary so as to help 
us exploit their applications further. 
 
C. vulgaris is a widely used microalgal species and it has great potential in 
commercial bioenergy and food production based on its robustness, high 
growth rate and oil content. The interactions between C. vulgaris and different 
plant growth promoting bacteria (PGBP) have been studied, and it was found 
that PGPB has a growth-promoting effect on C. vulgaris when they are 
co-immobilized in alginate beads (Gonzalez and Bashan 2000; Hernandez et 
al. 2009). Indeed, C. vulgaris is commonly contaminated by bacteria during 
its cultivation. Photoautotrophic and photoheterotrophic cultivation are often 




recent publications about the interactions between C. vulgaris and its 
symbiotic bacteria under these two cultivation conditions. In this chapter, the 
interactions between C. vulgaris and its symbiotic bacteria were examined. 
One symbiotic bacterial strain Pseudomonas sp., which can promote the 
growth of C. vulgaris, was selected and co-cultured with algae under different 
cultivation conditions to further investigate their relationship. The synergistic 
relationship between C. vulgaris and Pseudomonas sp. observed in this 




4.2.1 Observation of C. vulgaris and symbionts 
The C. vulgaris and symbionts were examined under SEM. After 18 months 
of semi-continous cultivation in photobioreactor, the algal culture was 
contaminated by other microorganisms (Fig. 4.1). Obvious sheath and 
biofilms-like structure consisting of algal cells and symbionts were observed. 
Symbionts of different shapes were found in the SEM pictures. Some of them 









Fig. 4.1 Observation of the C. vulgaris with associated symbionts under 
scanning electron microscope. Arrows indicate symbionts attached on the 
surface of C. vulgaris. The scaling bar at the center of bottom represents 5µm 
in size 
4.2.2 Isolation and characterization of symbiotic bacteria 
The symbiotic bacteria in 18 months-old C. vulgaris culture were cultivated 




colonies, respectively. The identification of these three bacterial strains was 
conducted by 16S rDNA analysis. Bacteria W showed 99% similarity with 
Pseudomonas alcaligenes (JQ659779) strain belonging to 
Gammaproteobacteria. Bacteria Y showed 99% similarity with 
Elizabethkingia miricola (EU375848) strain belonging to Flavobacteriaceae. 
Bacteria P was 99% similar to Methylobacterium radiotolerans (JQ660310) 






Fig. 4.2 Neighbor-jointing phylogenetic trees based on 16S rDNA analysis. 





4.2.3 Effect of symbiotic bacteria on the growth of C. vulgaris 
The three isolated symbiotic bacterial strains were co-cultivated with C. 
vulgaris separately. It was observed that Elizabethkingia sp. and 
Methylobacterium sp. inhibited the algal growth while Pseudomonas sp. was 
found to have a growth-promoting effect on algae under photoautotrophic 
condition (Fig. 4.3a).  
 
The growth-promoting effect of Pseudomonas sp. on C. vulgaris under 
photoautotrophic condition was examined by comparing the growth of single 
algal culture and co-culture (Fig. 4.3a). In the co-culture group, Pseudomonas 
sp. evidently promoted the growth of C. vulgaris. The existence of 
Pseudomonas sp. resulted in about 1.4 times higher final algal cell 
concentration than that in single algal culture after 8 d. The growth of 
Pseudomonas sp. co-cultured with algae was examined as well. The 
concentration of Pseudomonas sp. increased on the first 2 d and decreased on 
the following 4 d. After day 6, growth of Pseudomonas sp. went into a 
stationary phase (Fig. 4.4a). The number of bacterial cells in stationary phase 
was nearly 10 times greater than the initial inoculum density. The ratio of 
algal concentration to bacterial concentration decreased from 3 to 1.5 on the 






The result was reversed when glucose was added to the medium (Fig. 4.3b). 
Single algal culture had higher cell concentration than co-culture after 8 d 
under photoheterotrophic condition. From day 5 onwards, algal cell 
concentration in both cultures went to the stationary phase. On the other hand, 
the change of bacterial concentration was different (Fig. 4.4b). The single 
bacterial culture, as the control, had a similar trend of growth curve as that of 
bacteria under photoautotrophic condition. However, the bacterial 
concentration in co-culture increased on the first 2 d and decreased to almost 
zero on the following 6 d. The order of magnitude of bacterial concentration 






Fig. 4.3 Algal cell concentration in co-culture with three associated bacterial 
strains under photoautotrophic condition (a). Single algal culture (-◆-), with 
Pseudomonas sp. (-■-), with Methylobacterium sp. (-▲-) and, with 
Elizabethkingia sp. (-●-); Algal cell concentration in co-culture with 
Pseudomonas sp. under photoheterotrophic condition (b). Single algal culture 






Fig. 4.4 Pseudomonas sp. concentration(-●-) under photoautotrophic 
condition (a); Pseudomonas sp. concentration under photoheterotrophic 






4.2.4 Analysis of EOC in culture  
The profile of EOC was traced under photoautotrophic condition (Fig. 4.5). At 
the beginning of experiment (0 d), the bars shown were due to vitamin B1 and 
B12 contained in the 3N-BBM+V medium. The concentration of EOC 
subsequently increased with an increase in algal density. The EOC 
concentration differences between single algal culture and co-culture were 
significant during the cultivation period. The EOC concentration of co-culture 
was evidently higher than that of single culture since day 4. On the last day of 
the experiment, the EOC concentration of co-culture reached 90 mg L-1 







Fig. 4.5 EOC profile of single algal culture (■) and co-culture of algae with 
Pseudomonas sp. (□) under photoautotrophic conditions. * showed data were 
statistically significant different (p<0.05) 
 
4.2.5 Analysis of chlorophyll amount 
The amounts of chlorophyll a and b in co-culture were higher than those in 
single algal culture under photoautotrophic condition (Fig. 4.6a) whereas 
amount of chlorophyll b in single algal culture was higher than in co-culture 
and there was no significant difference in chlorophyll a amounts under 
photoheterotrophic condition (Fig. 4.6c). The C. vulgaris cell contained more 
chlorophyll when co-cultured with Pseudomonas sp. compared with single 






Fig. 4.6 Chlorophyll content of single algal culture (■) and co-culture of algae 
with Pseudomonas sp. (□) under photoautotrophic (a,b) and 
photoheterotrophic (c,d) conditions. a,c shows the cholorophyll content of a 
and b per liter of cell broth; b,d shows the chlorophyll content in single C. 
vulgaris cell. * showed data were statistically significant different (p<0.05) 
 
4.2.6 Analysis of photosynthetic efficiency 
The photosynthetic efficiency under photoautotrophic and photoheterotrophic 
cultivation conditions were measured and calculated (Fig. 4.7). Algae in 
single algal culture and co-culture showed higher photosynthetic efficiency 
under photoautotrophic condition than under photoheterotrophic condition. 
However, the photosynthetic efficiency of single algal culture and co-culture 




not statistically significant under both cultivation conditions. 
 
Fig. 4.7 Photosynthetic efficiency (Fv/Fm) of single algal culture (-■-,-▲-) and 
co-culture of algae with Pseudomonas sp. (-●-,-▼-) under photoautotrophic 
and photoheterotrophic conditions 
 
4.3 Discussion 
Generally, several major symbiotic bacterial strains can be isolated from an 
algal microenvironment. In this research, one of the isolated symbiotic 
bacteria belonged to the Pseudomonas family and another one belonged to the 
Flavobacteriaceae family. Both were found growing with microalgae in 
previous studies (Fukami et al. 1997; Sapp et al. 2007). A third bacterial strain 
belonging to the Methylobacterium family was also found. All three strains 




symbiotic bacteria can form biofilms in which microorganisms are embedded 
in extracellular polymeric substances matrix (Barranguet et al. 2005). From 
the SEM images, it can be seen that symbionts appeared in the sheath excreted 
by C. vulgaris. The close proximity between algal cells and bacteria could be 
essential for their mutual effects (Mouget et al. 1995; Gonzalez and Bashan 
2000). This may provide an explanation for the appearance of symbionts in 
the sheath around algal cells. Bacterial attachment on algal surfaces would be 
necessary to perform interactions (Jung et al. 2008), and our observations here 
were consistent with their findings.  
 
The interactions between microalgae and bacteria are many, and can be either 
mutually benefiting, or have growth inhibition effects on each other. Also, the 
interactions between algae and bacteria are species-specific (Jung et al. 2008). 
A change of environment and cultivation conditions will change the 
relationships between them (Gurung et al. 1999; Rier et al. 2002). It was 
found here that the relationships between C. vulgaris and Pseudomonas sp. 
were altered from mutualism to competition when the cultivation conditions 
were changed from being photoautotrophic to being photoheterotrophic. 
 
In this study, the growth promotion of C. vulgaris was observed when it was 
co-cultured with the symbiotic bacteria Pseudomonas sp. under 




compared with single algal culture could be considered as evidence that the 
bacteria release organic substances during the cultivation period. These 
organic substances could be the reason for the growth promotion of C. 
vulgaris. The bacteria can decrease the DO concentration in water to avoid a 
possible detrimental effect to microalgae (Mouget et al. 1995). It has been 
claimed that bacteria will maintain relatively lower oxygen concentration 
levels in the vicinity of Anabaena, which is good for maintaining nitrogenase 
activity in Anabaena (Paerl 1976). In this research, the existence of bacteria 
consumed DO in the medium, which could be helpful for the algal growth 
(Fig. 4.8). The positive effects brought by symbiotic bacteria when they 
co-existed with algae were widely studied. IAA is one phytohormone which is 
capable of initiating the roots formation and inducing the roots growth 
elongation of plants. Exogenous IAA was added in algal culture and the 
promoting effect on unicellular microalgae was confirmed (Vance 1987; 
Czerpak et al. 1999). Many kinds of phytohormones such as IAA and 
gibberellins were found in the algae of various taxonomic groups, including 
Chlorophyta, Phaeophyta, Rhodophyta, Charophyta, Euglenophyta and 
Cyanophyta (Tarakhovskaya et al. 2007). The existence of bacteria may affect 
algal growth by interfering with algal hormonal metabolism (Gonzalez and 
Bashan 2000). However, direct evidence of the above algal growth promoters 
produced by bacteria in co-culture was not observed here. Vitamin B12, also 




algal taxa needs exogenous cobalamin for their growth because they cannot 
produce it by themselves. It was reported that cobalamin for microalgal 
growth was directly produced by the symbiotic bacteria (Croft et al. 2005). In 
addition, the artificial symbiotic communities between ammonium excreting 
bacterium Azotobacter vinelandii and microalgae were also found to perform 
the symbiotic relationship (Ortiz-Marquez et al. 2012).  
 
The growth inhibition effect of Pseudomonas sp. on C. vulgaris was observed 
here under photoheterotrophic condition. Bacteria may have induced negative 
effects on the algal growth through several ways: (1) Bacteria produce 
algaecide when they receive signals from algae indicating cellular senescence 
(Seyedsayamdost et al. 2011). Some aquatic bacteria can cause the lysis of 
algal cells. For example, the algicidal bacterium Kordia algicida release 
protease as an algicidal protein, which may inhibit the growth of several 
marine diatoms (Paul et al. 2011). (2) The environment may have been 
rendered detrimental to algal growth by bacterial metabolism. (3) Bacteria 
might have competed with algae for the limiting nutrients, such as nitrogen 
and phosphorus, when they grew together (Hyenstrand et al. 2000). Due to the 
faster growth rate of bacteria, their proliferation would have consumed more 
nutrients, resulting in the growth inhibition of algae caused by insufficient 
nutrients. This could be used to explain the lower algal cell concentration in 




and bacteria competed for glucose, but due to the shorter doubling time of 
bacteria, they consumed more glucose resulting in the algae in co-culture not 
having sufficient glucose compared with single algal cultures. As there was no 
aeration provided, CO2 was not available for algal growth after the glucose 
was used up. That is likely to be the reason why algal growth went to the 





Fig. 4.8 The DO profile of single algal culture (-▲-) and co-culture of algae 
with Pseudomonas.sp. (-■-) under photoautotrophic condition (a) and 





Symbiotic bacterial growth was also investigated in this study. Soluble 
organic compounds were released during algal growth, which could be 
important for bacterial metabolism (Watanabe et al. 2005). Here, EOC 
concentration was low at the beginning of the experiment under 
photoautotrophic condition. As the concentration increased, EOC showed 
growth stimulation effects on bacteria. Algal cell decomposition would partly 
contribute to the increase of EOC in culture, and that matter could be utilized 
by bacteria. Conversely, microalgae could release bacterial inhibitory 
substances (Choi et al. 2010). A well-known one is chlorellin, which was 
discovered in the early 1940s (Pratt et al. 1944). Chlorellin, when produced by 
Chlorella cultures in the presence of inorganic nutrients under autotrophic 
condition, is a mixture of fatty acids and hydrocarbons, and it is toxic towards 
bacteria (DellaGreca et al. 2010). During the time course of Chlorella cultures, 
C. vulgaris can continuously release chlorellin. In this study, it was found that 
the EOC concentration increased over 8 d (Fig. 4.5). Fig. 4.4a showed that the 
concentration of bacteria co-cultured with C. vulgaris increased during the 
first 2 d and decreased later, which could be explained by the increasing EOC 
concentration in the culture. Since some components in EOC could be fatty 
acids, the inhibition effects towards bacterial growth were probably induced 
by higher fatty acids concentration when EOC concentration reached a higher 





The elevation of pH in the culture was caused by algal photosynthesis, which 
could also cause negative effects on bacterial growth. Here, pH elevation was 
observed under both cultivation conditions (Fig. 4.9). The disappearance of 
bacteria in co-culture under photoheterotrophic condition could be explained 
by the drastic pH increase of up to 11 since the optimal growth pH for 





Fig. 4.9 The pH profile of single algal culture (-▲-) and co-culture of algae 
with Pseudomonas sp. (-■-) under photoautotrophic condition (a) and 





An increase of chlorophyll in C. vulgaris cells was observed in co-culture. 
This could be explained by the supplement of unidentified growth-promoting 
substances released by bacteria (Watanabe et al. 2005). Our 18-month-old C. 
vulgaris culture also showed a darker green color, compared to single C. 
vulgaris culture.  
 
The higher chlorophyll content of algal cells in co-culture did not result in a 
higher photosynthetic efficiency as compared to that of single algal culture 
(Fig. 4.6 & 4.7). The lower photosynthetic efficiency under 
photoheterotrophic condition may be due to suppression of photosynthesis 
occurring when glucose was consumed by the algae (Terauchi et al. 2010).  
 
Several factors may contribute to the EOC increase under photoautotrophic 
condition, such as the decomposition of microalgae, organic matter released 
by bacteria, and excreted EOC from the microalgae. The composition of EOC 
needs further analysis. However, it seems practically impossible to 
characterize its composition comprehensively using currently available 
techniques (Sarmento and Gasol 2012). 
 
4.4 Summary 




A symbiotic relationship between C. vulgaris and bacteria was found. 
Different interactions between algae and bacteria were observed under 
different cultivation conditions. These findings help us to understand the 
interactions between algae and bacteria and may extend their applications to 












CONTROL OF CO2 INPUT CONDITIONS FOR THE OUTDOOR 





In this chapter, microalgal cultivation will be scaled up to pilot-scale and 
cultured under outdoor conditions. The effects of different CO2 input 
conditions on the growth of C. vulgaris, the CO2 biofixation by algae and the 










Energy security and global climate change are among two of the most 
important and pressing issues concerning our world today, leading to an 
ongoing search for more sustainable and environmental friendly sources of 
energy as alternatives to fossil fuels (Chisti, 2008). Biofuels have emerged as 
strong and promising contenders with their renewable and carbon neutral 
potential (Ragauskas et al., 2006). With many terrestrial crops being 
investigated as feedstock for biofuels production, the first-generation biofuels 
which use food crops as the feedstock are a possible cause of food shortages, 
since the increase of biofuel production capacities competes with food 
production. On the other hand, the main disadvantage of second-generation 
biofuels derived from non-food feedstock is the high cost of feedstock 
pretreatment technologies. 
 
Microalgae, as the most promising third-generation source of biofuels, exhibit 
great potential to overcome the existing challenges encountered by both the 
first- and second-generation biofuels. They have a higher biomass yield per 
unit of light and area, as well as a higher growth rate as compared to the 
conventional crops (Dismukes et al., 2008). Besides, they do not compete with 
food for arable land. In addition, the nutrients to the microalgae could be 
supplied by wastewater, and the CO2 needed for photosynthesis can be 




In some species, such as Botryococcus braunii, up to 75% of its dry weight 
consists of lipids (Banerjee et al., 2002), which can be converted to biodiesel 
through transesterification reactions. Carbohydrates in algal cells can be 
converted to bioethanol via fermentation (Choi et al., 2010), and algal proteins 
can also be converted to biofuels through bacteria modified by metabolic 
engineering (Huo et al., 2011). Other than being a source of biofuels, 
numerous microalgal strains can be utilized for a wide range of applications. 
For instance they can be used as bioreactors to produce chemical products that 
are currently being used in food, cosmetics, nutrition and pharmaceutical 
industries (Gong et al., 2011).  
 
Chlorella vulgaris is a microalgal strain which has been studied extensively in 
lab-scale experiments (Ogawa and Aiba, 1981; Martínez and Orús, 1991; Liu 
et al., 2008). It exhibits a high growth rate and its lipid content can be as high 
as 53% of its dry cell weight under the stressed conditions (Mujtaba et al., 
2012). Meanwhile, Brányiková et al. (2011) reported 60% carbohydrate 
content in dry C. vulgaris biomass, which potentially makes it viable as 
feedstock for bioethanol production. In addition, C. vulgaris is capable of 
tolerating temperatures of up to 40 °C, which is crucial in avoiding algal 
culture crashes under harsh outdoor cultivation conditions (Ho et al., 2011). 
Finally, C. vulgaris is one of the few microalgae strains that are capable of 




efficiently utilize, high concentrations of CO2 (Concas et al., 2012).  
 
However, a detailed comparison of indoor lab-studies of C. vulgaris with 
controlled growth parameters to outdoor-cultivation studies are still lacking. 
The outdoor culture of microalgae is more energy-efficient because artificial 
light is not required in the day since sunlight can be directly utilized, while 
CO2 from flue gas can be used as the carbon source to further reduce 
production costs (Doucha et al., 2005). Also, outdoor cultivation is more 
suitable for scaling up to pilot-scale or to commercial large-scale production. 
In this study, C. vulgaris was cultivated in pilot-scale bubble column 
photobioreactors (PBRs) in a tropical outdoor environment, without 
temperature and pH control. The feasibility of C. vulgaris outdoor cultivation 
was investigated relative to different CO2 input conditions, in order to study 
their effects on microalgal growth, with the eventual aim of optimizing CO2 












Fig. 5.2 Different CO2 input conditions: condition A: 2% CO2 provided 
intermittently (1 h 2% CO2 enriched air/1 h air) (a); condition B: 4% CO2 
provided intermittently (40 min 4% CO2 enriched air thrice per day) (b); 
condition C: 2% & 4% CO2 alternatively supplied (30 min 4% CO2 enriched 
air twice and 2% CO2 enriched air 1 h twice) (c); condition D: 2% CO2 
provided corresponding to the increase of algal biomass concentration (d) 
 
5.2 Results 
5.2.1 Effects of gas flow rate and different CO2 input conditions on the 
growth of C. vulgaris 
From Fig. 5.3a, it was found that a higher gas flow rate supported higher algal 
biomass concentration. After a period of 7 d cultivation, the final biomass 




gaseous velocity: 0.0022 m s-1), while it was 0.89 g L-1 when the gas flow rate 
was 1.06 vvm (superficial gaseous velocity: 0.017 m s-1). The results of the 
final biomass concentration under a flow rate of 0.4 vvm (superficial gaseous 
velocity: 0.0064 m s-1) and 0.67 vvm (superficial gaseous velocity: 0.011 m s-1) 
were quite similar and there were no significant differences between them.  
 
Mixing with exogenous CO2 in sparging significantly promoted algal growth 
(Fig. 5.3b). When 2% CO2 (v v-1) enriched air was aerated, the algal biomass 
concentration on 7 d was 1.5 g L-1, with a biomass productivity of 0.18 g L-1 
d-1 (Table 5.1). Further increment of the CO2 concentration to 4% (v v-1) and 8% 
(v v-1) did not result in a higher final biomass concentration.  
 
Fig. 5.3c showed the effect of CO2 input conditions A, B, C and D on algal 
biomass production. The growth profiles of the C. vulgaris that had been 
aerated constantly with 2% CO2 as well as sparged with CO2 input condition 
A and C were similar, while the total amount of CO2 used in condition A and 
C was reduced by 50%. Condition B showed a lower biomass ratio on the first 
3 d, and the biomass ratio after 4 d under condition D was lower than in the 
other three input conditions. The biomass productivity under condition D was 







Fig. 5.3 Biomass concentration (g L-1) for C. vulgaris ATCC 13482 cultivated 
in bubble columns under outdoor conditions. Effects of gas flow rates (a), 
effects of different CO2 concentrations (b), and effects of CO2 input conditions 






The maximum biomass concentration and biomass productivity of C. vulgaris 




The maximum biomass concentration and biomass productivity of C. vulgaris 




5.2.2 Effects of different CO2 input conditions on the elemental 
proportion of C. vulgaris 
The elemental analysis results are shown in table 5.3 and table 5.4. The carbon 
content in dried C. vulgaris increased from 36.73% (air) to 42.69% (8% CO2). 
H and N content were also found to be higher when CO2 was provided in 
aeration. O content decreased from 45.42% to 37.93 (4% CO2) (Table 5.3). 
The results among different CO2 input conditions were similar (Table 5.4).  
 
air 2%  CO2 4% CO2 8% CO2
Max biomass concentration (g L-1) 0.78 ± 0.13 1.50 ± 0.05 1.49 ± 0.01 1.49 ± 0.07
Biomass productivity (g L-1 d-1) 0.08 ± 0.01 0.18 ± 0.01 0.18 ± 0.00 0.18 ± 0.01
air 2% CO2 
constant 
condition A condition B condition C condition D 
Max biomass concentration 1 2.59 ± 0.36 2.41 ± 0.12 2.62 ± 0.10 2.41 ± 0.21 1.97 ± 0.15






The carbon (C), hydrogen (H), nitrogen (N) and oxygen (O) content of C. 
vulgaris ATCC 13482 under different CO2 concentrations (means ± SD). a: 




The carbon (C), hydrogen (H), nitrogen (N) and oxygen (O) content of C. 
vulgaris ATCC 13482 under different CO2 input conditions (*normalized data) 
(means ± SD). a: Oxygen content: O% = 100% - C% - H% - N% 
 
 
5.2.3 Effects of different CO2 input conditions on the CO2 fixation of C. 
vulgaris 
When CO2 concentration was increased from 2% to 8%, the CO2 fixation rate 
was not markedly changed, but was much higher than that of only sparging air. 
However, the CO2 to biomass conversion efficiency decreased, from 26.10% 
Elemental Analysis (% biomass weight) air 2% CO2 4% CO2 8% CO2
C 36.73  ± 0.97 40.50  ± 0.50 39.80  ± 0.39 42.69  ± 0.09
H 5.17  ± 0.04 5.91  ± 0.11 5.69  ± 0.08 6.19  ± 0.06
N 6.24  ± 0.25 7.32  ± 0.69 7.82  ± 1.24 8.22  ± 0.70
Oa 45.42 ± 0.54 38.28 ± 0.91 37.93 ± 0.35 39.84 ± 0.74
Elemental Analysis air 2% CO2 
constant 
 condition A condition B  condition C  condition D 
C 1 1.17  ± 0.05 1.16  ± 0.03 1.11  ± 0.07 1.16 ± 0.06 1.11  ± 0.01
H 1 1.10  ± 0.05 1.10  ± 0.01 1.12  ± 0.05 1.09 ± 0.03 1.07  ± 0.09
N 1 0.98  ± 0.09 1.01  ± 0.06 1.04  ± 0.01 1.09 ± 0.05 0.97  ± 0.06




(air) to 3.48% (2% CO2), 1.79% (4% CO2), and eventually to 0.85% (8% CO2) 
(Table 5.5).  
It can be seen that the highest CO2 fixation rate was 4.5 folds higher under 
CO2 input condition B compared to air (Table 5.6). The lowest CO2 fixation 
rate among those four CO2 input conditions was found under condition D. The 
CO2 to biomass conversion efficiency was significantly improved and it was 
2.3 times higher in condition B than when 2% CO2 was constantly provided.  
 
Table 5.5 
The CO2 fixation rate and CO2 to biomass conversion efficiency of C. vulgaris 




The CO2 fixation rate and CO2 to biomass conversion efficiency of C. vulgaris 




air 2% CO2 4% CO2 8% CO2
CO2 fixation rate (g CO2 L-1 d-1) 0.11 ± 0.02 0.31 ± 0.00 0.31 ± 0.00 0.29 ± 0.02
CO2 to biomass conversion efficiency % 26.10 ± 4.48 3.48 ± 0.03 1.79 ± 0.03 0.85 ± 0.05
air 2% CO2 
constant 
condition A condition B condition C condition D 
CO2 fixation rate 1 4.11 ± 0.79 3.75 ± 0.41 4.50 ± 0.13 3.56 ± 0.14 2.7 ± 0.13




5.2.4 Effects of different CO2 concentration in aeration on the dissolved 
CO2 concentration in medium/algal culture 
The dissolved CO2 concentration in the medium/algal broth reached a plateau 
18 min after CO2 aeration began, while its concentration decreased to zero in 
approximately 12 min if CO2 supply was stopped (Fig. 5.4). Higher CO2 
concentration in sparging supported a higher dissolved CO2 concentration in 
the liquid. The differences of CO2 concentration in between the medium and 
algal broth under same CO2-enriched air sparging condition increased, from 5 
mg L-1 (2% CO2) to 21 mg L-1 (8% CO2). 
 
Fig. 5.4 Dissolved CO2 concentration under different CO2 concentrations in 





5.2.5 Effects of different CO2 input conditions on the yields of FAME, 
protein and carbohydrate in C. vulgaris 
The total yield of fatty acid methyl esters (FAMEs) was higher when CO2 was 
supplied in aeration compared with sparging only air (Fig. 5.5). However, 
their yields were similar when CO2 concentration was increased from 2% to 8% 
(Fig. 5.5a). The highest total FAMEs yield among the four CO2 input 
conditions was found in condition C (Fig. 5.5b). The yields of protein and 






Fig. 5.5 FAMEs, carbohydrates and proteins yields of C. vulgaris under 
different CO2 input conditions (means ± SD): Effects of different CO2 
concentrations (a), effects of CO2 input conditions (b*normalized data)). * 





5.2.6 Effects of different CO2 input conditions on the composition of 
FAMEs in C. vulgaris 
The effect of varying CO2 concentrations on the composition of FAMEs is 
listed in table 5.7. It can be seen that the total content of saturated fatty acids 
(SFAs) was decreased from 59.75% to 43.63% when CO2 was supplied in 
sparging. On the contrary, the higher proportion of total mono-unsaturated 
fatty acids (MUFAs) and poly-unsaturated fatty acids (PUFAs) was found 
when CO2 enriched air was aerated comparing with that of only air sparging. 
GC-MS results showed that C. vulgaris was dominated by C16 and C18 FAs 
(>90% of total FAs) and contained a perceptible amount of C14:0 and C15:0. 
C18:1 showed higher content than C16:1.  
 
The FAME compositions under different CO2 input conditions were similar 
with the above results, but some FAs were not detected in condition C and D, 













Main FAs content in C. vulgaris ATCC 13482 under different CO2 




Main FAs content in C. vulgaris ATCC 13482 under different CO2 input 




Fatty acid (% total FAME) air 2% CO2 4% CO2 8% CO2
C14:0 4.34 ± 0.02 3.14 ± 0.08 3.11 ± 0.06 3.14 ± 0.00
C15:0 4.56 ± 0.05 3.35 ± 0.06 3.25 ± 0.08 3.18 ± 0.10
C16:0 35.06 ± 0.36 26.48 ± 1.23 26.45 ± 1.33 26.60 ± 1.03
 C16:19 8.75 ± 0.63 5.89 ± 0.22 5.85 ± 0.28 6.26 ± 0.07
C16:17 n.d. 4.39 ± 0.10 4.35 ± 0.14 4.37 ± 0.11
C16:2 n.d. 4.56 ± 0.03 4.38 ± 0.15 4.50 ± 0.12
C16:4 n.d. 3.29 ± 0.04 3.36 ± 0.03 3.37 ± 0.00
C18:0 15.78 ± 0.52 11.14 ± 0.64 11.19 ± 0.75 10.70 ± 0.84
 C18:1 14.08 ± 0.25 17.87 ± 0.91 19.07 ± 0.51 17.59 ± 1.01
C18:2 11.85 ± 0.27 14.03 ± 0.75 14.07 ± 0.48 14.20 ± 0.20
C18:3 5.58 ± 0.06 5.86 ± 0.23 4.93 ± 1.71 6.09 ± 0.60
Total SFA (% total FAME) 59.75 ± 0.20 44.11 ± 2.00 44.00 ± 2.22 43.63 ± 1.97
Total MUFA (% total FAME) 22.84 ± 0.40 28.16 ± 1.08 29.27 ± 0.10 28.24 ± 1.05
Total PUFA (% total FAME) 17.43 ± 0.21 27.74 ± 0.93 26.74 ± 2.31 28.14 ± 0.93
Fatty acid (% total FAME) air 2% CO2 
constant 
condition A condition B condition C condition D 
C14:0 1 0.77 ± 0.02 0.83 ± 0.02 0.87 ± 0.03 0.75 ± 0.02 0.87 ± 0.08
C15:0 1 0.76 ± 0.02 0.84 ± 0.02 0.87 ± 0.02 0.77 ± 0.04 0.86 ± 0.08
C16:0 1 0.88 ± 0.02 0.88 ± 0.04 0.96 ± 0.32 0.84 ± 0.03 0.96 ± 0.04
 C16:19 1 0.88 ± 0.08 0.95 ± 0.07 0.94 ± 0.02 1.07 ± 0.13 1.07 ± 0.82
C16:17 1 1.26 ± 0.04 1.09 ± 0.05 1.06 ± 0.09 n.d n.d
C16:2 1 1.33 ± 0.01 1.20 ± 0.08 1.11 ± 0.05 n.d n.d
C16:4 1 1.16 ± 0.04 0.91 ± 0.01 0.90 ± 0.02 0.81 ± 0.04 n.d
C18:0 1 0.81 ± 0.02 0.85 ± 0.03 0.90 ± 0.03 0.80 ± 0.03 0.88 ± 0.05
 C18:1 1 1.12 ± 0.10 1.06 ± 0.08 1.03 ± 0.12 1.20 ± 0.06 1.06 ± 0.06
C18:2 1 1.14 ± 0.08 1.11 ± 0.12 1.18 ± 0.09 1.17 ± 0.04 0.97 ± 0.09
C18:3 1 1.11 ± 0.07 1.08 ± 0.02 1.08 ± 0.06 1.00 ± 0.03 1.06 ± 0.08
Total SFA (% total FAME) 1 0.85 ± 0.01 0.86 ± 0.04 0.93 ± 0.04 0.82 ± 0.05 0.92 ± 0.06
Total MUFA (% total FAME) 1 1.12 ± 0.09 1.11 ± 0.10 1.01 ± 0.04 1.27 ± 0.06 1.17 ± 0.11





C. vulgaris was successfully cultivated in bubble column PBRs in a tropical 
outdoor environment. A gas flow rate of 0.4 vvm was chosen for all the 
following experiments after different gas flow rates were evaluated (Fig. 5.3a). 
A flow rate of 0.14 vvm was unable to provide for sufficient mixing, and 
sedimentation of C. vulgaris was observed at the bottom of the columns. A 
good mixing in reactor culture is necessary to prevent the algal cells from 
settling down and thermal stratification in PBRs. In addition, with adequate 
mixing, nutrients can be distributed evenly in the medium, thereby disrupting 
diffusion barriers at the algal cell surfaces. The oxygen produced by 
microalgae during photosynthesis can benefit from good mixing as well, as it 
can be removed quickly to avoid possible oxidative stress towards algal cells 
in the medium. In addition, good mixing can ensure even exposure of the algal 
cells to the light source. Higher gas flow rates, such as 1.06 vvm, were found 
to have better mixing and mass transfer effects (data not shown), and support 
a higher algal biomass concentration (Fig. 5.3a). However, the downside of a 
higher gas flow rate includes a stronger shear stress towards algal cells, 
especially when the bubbles form and break up. Also, greater power 
consumption is required under higher gas flow rates. The outdoor cultivation 
was conducted in the absence of medium temperature and pH manipulation. 
Therefore, the temperature in the column can occasionally reach above 40°C, 




midday, when sunlight intensity was strong (Fig. 5.6). The pH of the medium 
was found to be constant over the entire cultivation period.  
 
In Fig. 5.3b, it can be seen that C. vulgaris growth was enhanced when 2% 
CO2-enriched air was used in the aeration, whereas the algal cultures aerated 
with 4% and 8% CO2 did not show any increase in their final algal biomass 
concentrations. C. vulgaris biomass concentrations obtained in this study were 
comparable with those recorded in the study by Mujtaba et al. (2012), who 
conducted their experiments indoors and in smaller 1 L bubble columns. Since 
outdoor culture can directly utilize sunlight rather than artificial light, it 
should be more energy-efficient.  
 
Fig. 5.6 The change of sunlight intensity, dissolved oxygen concentration and 





Fig. 5.3c showed that constantly sparging CO2 in algal culture was not 
necessary. Thus, the amount of CO2 used in C. vulgaris cultivation was 
optimized and different CO2 input conditions were examined. Conditions B 
and D were found not to be the optimal CO2 input conditions for algal 
biomass production, compared to conditions A and C. The CO2 input 
conditions A and C can keep CO2 in the medium for a longer time, which was 
important for microalgal growth, while conditions B and D may cause algal 
cells to experience carbon starvation since the time intervals between CO2 
on/off were longer (Fig. 5.2b & 5.2d). 
 
The recently published review paper from Ho et al. (2011) cited CO2 fixation 
rates of microalgae from different studies, and the CO2 fixation rates obtained 
in this study were comparable with other published research. The algal 
biomass concentrations on 7 d under elevated CO2 concentrations from 2% to 
8% were the same. However, the total amounts of consumed CO2 were 238 L 
(2%), 465 L (4%) and 919 L (8%), respectively. In contrast, the total amount 
of CO2 used was reduced by 50% of 2% constant CO2 sparging under 
different CO2 input conditions (112 L). Algal biomass production remained 
the same, while CO2 to biomass conversion efficiency doubled under 
conditions A and C. The CO2 concentration in effluent gas from bubble 
columns was reduced by 39% when there was constant aeration of 2% CO2 




biomass conversion efficiency, since dissolved CO2 cannot be completely 
utilized by microalgal cells. More than half the amount of CO2 was wasted 
and released into the atmosphere.  
 
Table 5.9 




Comparison of total CO2 consumption in Chlorella cultivations reported in the 
literature and this study. a: Total amount of CO2 used =CO2%×vvm×working 




The amount of CO2 used in microalgal cultivation increases with the 
increasing working volume of PBRs, and CO2 concentration in the aeration as 
well as cultivation period. The total consumed CO2 noted from some previous 
2% CO2 4% CO2 8% CO2
% CO2 in effulent gas 1.22 3.15 5.52
Reduction in % CO2 0.78 0.85 2.48
CO2 reduction rate (%) 39 21.5 31
CO2 Cultivation PBR working Total amount CO2 References
Microalgae species period volume  of CO2 used consumption 
(%) (d) (L) (L)  rate (L d-1)
Chlorella vulgaris 4 10 1 86.4a 8.64 Mujtaba et al. (2012)
Chlorella vulgaris 5 20 1.5 216a 10.8 He et al. (2013)
Chlorella vulgaris 15 10 1 432a 43.2 Jin et al. (2006)
Chlorella  sp. 20 7 50 1680 - 10800a 240-1440 Kao et al. (2012)




studies in Chlorella cultivation is listed in Table 5.10. In this work, reducing 
half the amount of consumed CO2 was reasonable, and CO2 to biomass 
conversion efficiency was doubled. It was possible that microalgal CO2 
biofixation efficiency would be improved if proper CO2 input conditions were 
applied during cultivation. The CO2 input conditions in this research were 
manually adjusted, and thus could not perfectly match the exact variations in 
the intensity of the sunlight. Instant online control of CO2 input could be 
feasible, according to the feedback of light and with CO2 sensors measuring 
both outdoor sunlight intensity and the dissolved CO2 concentration of the 
medium. It was not essential to constantly supply CO2 in microalgal culture 
under outdoor conditions, especially when sunlight intensity was weak during 
cloudy or rainy days. The ideal CO2 input conditions could be pulse-supplying 
CO2 in sparging to keep its concentration in the medium at a level 
corresponding to the variation of sunlight intensity. 
 
Dissolved inorganic carbon (CO2, 3HCO
−  and 23CO
− ) is the carbon source for 
photoautotrophic microalgal growth. It has been confirmed that microalgae 
are capable of uptake both CO2 and 3HCO
−  during steady-state 
photosynthesis. Microalgal species differed strongly in the extent to which 
carbon sources were preferably utilized (Trimborn et al., 2009). The direct 
uptake of CO2 across the plasma membrane for some species is the major flux 




Dissolved inorganic carbon in the culture medium was reported to increase as 
the CO2 concentration in aeration increased (Tang et al., 2011). In this work, it 
was found that sparging air enriched with higher CO2 concentration resulted in 
a higher CO2 concentration in the medium/algal broth (Fig. 5.4). The 
differences of CO2 concentration in the medium and algal culture when the 
same concentration of CO2 enriched air was supplied could be caused by the 
CO2 uptake of microalgal cells. These differences increased with the increase 
of CO2 concentration in sparging, which suggests that C. vulgaris ATCC 
13482 would prefer direct CO2 uptake rather than 3HCO
− under outdoor 
conditions. However, a more direct CO2 uptake did not cause higher algal 
biomass concentration, which may be due to the limitations of the CO2 
utilization rate of microalgal cells.  
 
Microalgal lipid composition varies among different species. The composition 
can be affected by the stages of the growth cycle as well as cultivation 
conditions, such as temperature, light intensity, aeration rate and medium 
components. In this study, the total FAMEs yields were higher when algal 
culture was aerated with CO2 (Fig. 5.5). Air sparging without exogenous CO2 
was preferable to C. vulgaris for SFAs production and the total SFAs contents 
were higher than those from aerating CO2-enriched air. Total MUFAs content 
and total PUFAs content were higher under CO2-enriched air sparging 




that a lower CO2 concentration in aeration was favorable for the accumulation 
of SFAs while a higher CO2 concentration was favorable for the accumulation 
of PUFAs (Tang et al., 2011), and our experimental results further confirmed 
it. The composition of microalgal FAs determines the quality of 
microalgae-based biodiesel. SFAs and MUFAs are desirable while PUFAs 
may affect the oxidative stabilities of biodiesel (Stansell et al., 2012). C. 
vulgaris obtained in this chapter with higher SFAs content but lower PUFAs 
content could be a suitable biodiesel feedstock.  
 
Carbohydrates are desirable biomass compounds for the production of several 
biofuels. Carbohydrates tended to be accumulated when microalgae were 
under the stressed conditions (Markou et al., 2012). The starch content in C. 
vulgaris can go up to 60% of the dry biomass weight, which can be induced 
by sulfur limitation and cycloheximide treatment (Brányiková et al., 2011). 
The highest carbohydrate yield found in this study was 521 mg g-1 dry 
biomass under outdoor conditions which was similar to the results published 
by Brányiková et al. Since the outdoor cultivation was operated without 
temperature controls, high temperatures (up to 40 °C) inside the bubble 
columns as the stressed condition may cause an increase of carbohydrates in C. 
vulgaris. A significant amount of carbohydrate-rich residual of algal biomass 
was often disposed of after lipid extraction. However, the microalgal residue 




digestion for methane production could also be a solution to recover more 
energy from microalgal waste and further enhance the economic feasibility of 
a microalgal biorefinery (Sialve et al., 2009).  
 
Microalgae have been used as a bioreactor to produce the recombined proteins. 
More than 20 therapeutically important proteins have been successfully 
expressed in microalgae (Specht et al., 2010). C. vulgaris has been 
investigated as feedstock for protein production and the protein content can 
reach as high as 55% of the dry biomass weight (Li et al., 2013). In this study, 
the protein yields of C. vulgaris were much lower than the reported results. 
Microalgal residue after lipid extraction also contained proteins. Higher 
protein content in microalgal residue may cause ammonia to be released, 
which could be toxic to anaerobic digestion. Thus, the residue from C. 
vulgaris with a lower protein yield after lipid extraction could be suitable for 
following methane production. 
 
5.4 Summary 
C. vulgaris has been cultivated in pilot-scale bubble columns under outdoor 
conditions. Different CO2 input conditions were investigated for their effects 
on C. vulgaris growth. CO2 usage was reduced by 50% and CO2 to biomass 




while the growth of C. vulgaris was not affected, compared with having 
constant sparging of 2% CO2. In this study, CO2 usage was successfully 
optimized and CO2 to biomass conversion efficiency has been greatly 
improved. CO2-enriched aeration was found to promote FAMEs yields and 













BIOMASS PRODUCTION, LIPIDS ACCUMULATION AND FATTY 
ACID VARIATION OF CHLORELLA VULGARIS UNDER 





In this chapter, the two-stage cultivation will be applied to increase the algal 
biomass production and lipid productivity. The change profiles of algal 
biomass concentration, lipid content, lipid yield and FA percentage will be 









Traditional fossil fuels are going to meet their end, due to dwindling reserves 
and explosively increasing consumption in the next few decades. The 
continuously rising prices of fossil fuels make the production of fuels from 
alternative sources more feasible. On the other hand, the burning of fossil 
fuels has raised numerous environmental concerns, such as the global climate 
change caused by anthropogenic GHG emissions. Therefore, developing 
environmental friendly renewable fuels is currently under extensive study. 
Microalgae-based biodiesel produced by algal oil is being recognized as a 
green and eco-sustainable substitution for crude fossil petroleum. Biodiesel 
from microalgae has chemical properties similar to fossil-diesel so that it does 
not require major modifications to present diesel engines (Du et al. 2008). 
Triglycerides (TAG), as the microalgal lipids, can be converted to fatty acid 
methyl ester (FAME) - the biodiesel, through transesterification reaction 
(Chisti 2007). 
 
One of the major advantages of using microalgae as the feedstock for 
biodiesel production lies in their higher theoretical oil yield compared to the 
other biomass resources, such as soybean, rapeseed and oil palm (Lam and 
Lee 2012). The oil/lipid contents in microalgae differ with different species 
and they generally fall in a range from 20% to 77% of biomass dry weight 




biodiesel producer, including Botryococcus braunii (Ranga et al. 2012), 
Chlorella protothecoides (Miao and Wu 2006), Nannochloropsis oculata (Wu 
et al. 2013) etc. The production of microalgal lipids is attributed to two 
aspects: the algal biomass yield and lipid content. To maximize the algal 
biomass yield, great effort has been made in culture system improvement and 
cultivation condition optimization (Grobbelaar 2010). In particular, 
heterotrophic cultivation of microalgae in a fermenter can lead to extremely 
high biomass concentration (Shi et al. 2000; Doucha and Lívanský 2011). 
Lipid accumulation in microalgae under standard growth conditions was 
observed to be very slow, but can be accelerated by inducing environmental 
stresses such as nitrogen limitation or depletion (Brennan and Owende 2010; 
Mata et al. 2010). However, one dilemma between producing enough algal 
biomass and accumulating more lipids is that higher lipid contents produced 
under nutrient limitation are usually associated with low algal biomass 
productivity. 
 
In order to increase microalgal biomass production and lipid productivity, 
two-stage cultivation has been considered an efficient approach, and it has 
been successfully adopted in many studies with different algal species (Das et 
al. 2011; Zheng et al. 2012; Farooq et al. 2013). At the first stage, microalgae 
are allowed to grow under nutrient-sufficient conditions to obtain maximized 




changed to trigger the accumulation of lipids (Mujtaba et al. 2012). Besides 
nitrogen starvation, phosphorous depletion and higher salinity stress may also 
be able to cause an increase in lipid content in the microalgae (Hu 2004). 
However, comprehensive studies of all these stress conditions on the algal 
lipids accumulation and their composition are still lacking. Additionally, 
microalgal biodiesel quality produced from algal lipids need to comply with 
existing standards, such as Standard EN 14212. The quality of microalgal 
biodiesel is determined by the composition of FAME. For example, SFAs 
give an excellent cetane number and oxidative stability to biodiesel 
(Chinnasamy et al. 2010). It could be expected that the contents of different 
fatty acids in algal lipids may change with the growth of microalgae, 
especially under outdoor varied weather conditions. Up to now, only a handful 
of research information and data is available in the literature on studying the 
change profile of each fatty acid component in algal lipids. This would be the 
key to understand the suitable timing to harvest microalgae for biodiesel 
production during the cultivation.  
In this chapter, Chlorella vulgaris, which was considered to be a promising 
algal species for biodiesel production (Griffiths and Harrison 2009), was 
firstly cultivated in pilot-scale bubble columns in a tropical outdoor 
environment to obtain enough algal biomass. Then, the algal biomass was 
transferred to different nutrient-deficient media to induce lipid accumulation. 








Fig. 6.1 The sedimentation of microalgae at the bottom of bubble columns 
during the harvest in between first- and second-stage cultivation 
 
6.2 Results 
6.2.1 C. vulgaris growth and nutrients profiles in the first-stage cultivation 
It can be seen that the algal biomass concentration reached 1.54 g L-1 after 8-d 




L-1 d-1. Nitrogen and phosphorus concentration continuously decreased with 
the increase in algal biomass density. The nitrate concentration decreased 
from an initial concentration of 8.82 mmol L-1 to 4.41 mmol L-1 while 
phosphate concentration was changed from 1.62 mmol L-1 to 0.6 mmol L-1 at 
the last day of first-stage cultivation. The average nitrate and phosphate 
consumption rates were 0.55 mmol L-1 d-1 and 0.13 mmol L-1 d-1, respectively. 
There was 50% of the initial nitrate and 37% of the initial phosphate left in the 
culture medium after first-stage cultivation.  
 
Fig. 6.2 The growth curve of C. vulgaris and nitrogen & phosphorus change 





6.2.2 C. vulgaris lipid profiles and compositions in the first-stage 
cultivation 
Lipid content was examined every two days and its change profile in the 
first-stage was shown in Fig 6.3. It can be seen that lipid content was 
maintained at around 20% while lipid yield increased from 58.03 mg L-1 to 
302.38 mg L-1 during the 8-d cultivation period. The average lipid 
productivity was 30.54 mg L-1 d-1. Lipid composition based on GC-MS 
analysis can be seen from Fig 6.4. There were eleven kinds of fatty acids 
found in C. vulgaris with varied percentages. C16:0 took up more than one 
third of total FAMEs, while at the same time, one fourth percentile total 
FAMEs was C18:3. C16:3 and C18:2 were found to have a percentage greater 
than 10%. Whereas only a minute amount of FAMEs were made up of C14:0, 
C16:4, C18:1 and C20:4 (all were less than 1%). More than 95% of the fatty 
acids in C. vulgaris were C16 and C18. The change profiles of each fatty acid 
showed that C16:0 decreased from 43.59% to 34.21% with the compensation 
coming from increments in C16:2, C16:3 and C18:2. The SFAs content 
decreased from 45.80% to 37.08%, and in contrast, the PUFAs content 
increased from 50.52% to 59.54% during the first-stage. MUFAs remained at 
















6.2.3 C. vulgaris growth profiles under different stress conditions in the 
second-stage cultivation 
After first-stage cultivation, algal biomass was re-inoculated into different 
culture media to induce stress conditions, and the initial biomass 
concentration was adjusted at 1 g L-1 for the second-stage cultivation. Without 
exogenous CO2 being provided, algal biomass concentration decreased in all 
cultures under nitrogen limitations in the first 12 h (Fig. 6.5a). Besides the 
culture with No N medium exhibiting continuously decreased algal 
concentration at the following 60 h (from 1.11 g L-1 to 0.68 g L-1), other 
cultures showed fluctuated change profiles of their biomass concentration 
with the day and night alternate. The cultures with 1/5 N and 1/20 N media 
showed higher algal biomass concentration at the first 60 h, and there were no 
significant differences among the cultures with 1/5 N, 1/20 N media and the 
control with full nutrients at the end of second-stage cultivation. For the 
cultures with phosphorus limitation, the growth profiles of algal biomass were 
almost unchanged under different phosphorus limiting conditions (Fig. 6.5b). 
Biomass concentration in the control increased a bit from 1.04 g L-1 to 1.16 g 
L-1. Algal growth profiles under salinity stress were analogous to those under 
phosphorus limitation (Fig. 6.5c). The control was still found to have higher 
algal concentration (increased from 1.08 g L-1 to 1.31 g L-1). The culture with 
10 × S medium showed the highest biomass concentration (1.24 g L-1) among 




When CO2 was supplied during the second-stage cultivation, biomass 
concentration in all the nitrogen limiting conditions markedly decreased from 
0.96 g L-1 to around 0.7 g L-1 (Fig. 6.5d). Biomass concentration under 
phosphorus limiting conditions was observed dropping in the first 36 h (from 
1.02 g L-1 to 0.75 g L-1) and recovering to around 0.9 g L-1 during the 
subsequent 36 h (Fig.6.5e). All the cultures under salinity stress conditions 
showed evident biomass increase at the end of second-stage cultivation. The 
highest increment of algal concentration was observed from 1.09 g L-1 to 1.48 





Fig. 6.5 The growth curves of C. vulgaris under different stress conditions 





6.2.4 C. vulgaris lipid profiles and compositions under different stress 
conditions in the second-stage cultivation 
Lipid profiles under different stress conditions in the second-stage cultivation 
were quite diversified. In Fig. 6.6a, the highest lipid content was found at 60 h 
with a percentage of 38.4% under 1/5 N condition. With more diluted nitrogen 
concentrations, 1/10 N culture supported a lipid content of 34.8% while the 
highest lipid content under 1/20 N condition only reached 27.3%. Under 
phosphorus limiting and salinity stress conditions, the highest lipid content 
both appeared at 60 h with 47.1% and 38.2% in the control (Fig. 6.6b and 
6.6c). When CO2 was supplied in algal culture, the highest lipid content of 
41.3% was obtained in 1/10 N condition, among others (Fig. 6.6d). Lipid 
accumulation was promoted to 38% from the initial value of 25.7% in the first 
12 h under 1/5 P condition. In addition, culture with 1/10 P medium also had a 
lipid content of 37.3% after 48 h (Fig. 6.6e). The most significant increment 
of lipid content was observed to exist from 24.2% to 45.9% under 5 × S 






Fig. 6.6 Lipid content under different stress conditions during the 






Fig. 6.7 Lipid yield under different stress conditions during the second-stage 





The time course of C. vulgaris lipid yield during the second-stage cultivation 
is shown in Fig 6.7. It can be seen that the profiles of lipid yields fluctuated 
under different stress conditions. The max lipid yield and average lipid 
productivity were summarized in table 6.1. Under nitrogen limiting conditions, 
the max lipid yield was 421.97 mg L-1 with a max average lipid productivity 
of 47.94 mg L-1 d-1 in the culture with 1/5 N medium; when CO2 was provided, 
the max lipid yield was 349.81 mg L-1 and the highest average lipid 
productivity was 30.08 mg L-1 d-1 in the control. Under phosphorus limiting 
conditions, the highest lipid yield can reach up to 535.68 mg L-1 in the control, 
and the highest average lipid productivity was 69.50 mg L-1 d-1 under 1/5 P 
condition. Lipid yield increased from 261.97 mg L-1 to a maximum value of 
338.25 mg L-1 under phosphorus limiting conditions with CO2 sparging. 
Under salinity stress conditions, the highest lipid yield was 596.59 mg L-1 in 
the control, and the max average lipid productivity was up to 92.60 mg L-1 d-1 
in the culture with 100 × S medium when CO2 was supplied. The highest lipid 
yield was found to be 480.59 mg L-1 in the control also, and max average lipid 







The average lipid productivity and max lipid yield under different stress 
conditions during the second-stage cultivation. a: average lipid productivity= 
[lipid concentration (at 72 h) - lipid concentration (at 0 h)]/3 d; minus values 




































































































































































































































































































































































































































































































































The change in fatty acid percentage was demonstrated from Fig. 6.8 to Fig. 
6.13 (at the end of this chapter). Lipid composition during the second-stage 
cultivation was almost the same as that of the first-stage. C16:4 and C20:4 
were sometimes missing based on different stress conditions. The percentage 
of each fatty acid in algal lipids remained generally constant during the 
cultivation period, and no significant differences were observed.  
 
6.2.5 The quality determination of C. vulgaris FAMEs 
Several properties of C. vulgaris FAMEs obtained in this study were 
calculated (Table 6.2). The cetane number was 52.07 with the highest heating 
value of 40.88 MJ kg-1. The density at 15°С and kinematic viscosity at 40°С 
were 889.32 kg m-3 and 3.10 mm2 s-1, respectively. In addition, oxidation 
stability was found to be 5.48 h. 
 
Table 6.2 
The properties of FAMEs obtained in this study. N/A means not available 
 
Perperty EN 14214 ASTM D 6751 C. vulgaris  FAME in this study
Cetane number min 51 min 47 52.07
Density at 15 °С (kg m-3) 860-900 N/A 889.31
Kinematic viscosity at 40 °С 3.5-5.0 1.9-6.0 3.10
(mm2 s-1)
Oxidation stability, 110 °С (h) min 6 min 3 5.48





The first-stage cultivation of C. vulgaris was conducted under autotrophic 
conditions in a tropical outdoor environment, namely, CO2 used as the sole 
carbon source for algal growth. 2% (v v-1) CO2 was confirmed to be suitable 
for outdoor culture of C. vulgaris in the previous chapter. An average of 1.5 g 
L-1 algal biomass can be obtained after an 8-d cultivation period. Our 
preliminary studies showed that algal concentration did not further increase 
after 8th d and went into the stationary phase under outdoor conditions. The 
reason for that could be due to the difficulty of light penetration caused by the 
dense algal culture. On the other hand, organic metabolites, such as chlorellin, 
could be released by C. vulgaris to the medium, which had an inhibitory effect 
towards the algal growth (Pratt and Fong 1940). Nitrogen and phosphorus 
contained in the medium were not completely utilized for the proliferation of 
C. vulgaris. As a matter of fact, only half of the nitrate and 63% of the 
phosphate was consumed. Normally, the nitrogen- and phosphorus-enriched 
supernatant is directly disposed of after algal biomass harvest, which may 
cause the eutrophication of water bodies and lead to a wastage of nutrients. 
Recently, C. vulgaris was successfully cultivated in the recycled supernatant 
of algal culture, and it was found that algal growth and productivity was not 
markedly influenced after a 63-d recycling period (Hadj-Romdhane et al. 
2013). It is not necessary for the supernatant to be cell-free, especially in 




cannot be easily harvested could be used as the inoculum for the next new 
batch.  
 
As shown in Fig. 6.3, lipid content during the first-stage cultivation remained 
generally constant at 20%. Similar lipid content in C. vulgaris has been 
observed by Lv et al. (2010). The increase of lipid yield is attributed to the 
increase of algal biomass. The average lipid productivity in the first-stage 
cultivation is quite comparable with the best results obtained by Lv et al. 
(2010). Petkov and Garcia (2007) listed the fatty acid composition of C. 
vulgaris under outdoor culture conditions. All the fatty acids exhibited in their 
research are found in this study, but with varied percentages. A higher C16:0 
percentage but lower C16:1, C18:1 and 18:2 percentages were observed, 
compared to Petkov and Garcia’s study. The change of fatty acid percentage 
could be caused by differences in outdoor climatic conditions and culture 
medium components. Additionally, a tiny amount of C16:4 and C20:4 were 
also found in this work. The profiles of fatty acids changed during the 
first-stage cultivation. C16:0 showed a nearly 10 percent decrease, resulting in 
a decline in total SFAs content. On the contrary, the increment in total PUFAs 
was derived from C16:2, C16:3 and C18:2. 
 
The oscillations observed in algal growth curves of second-stage cultivation 




induces an increase in algal biomass while algal cells experience weight loss 
caused by consumption of the diurnally stored metabolites to perform the 
respiration process at night. The loss of algal biomass could be compensated 
by providing artificial illumination during the night period (Blanken et al. 
2013), or it can be reduced through decreasing the temperature of algal culture 
in the evening (Chisti 2007).  
 
It was found that having a supply of exogenous CO2 in algal culture during 
second-stage cultivation resulted in varied algal growth profiles under 
different stress conditions (Fig. 6.5). Mujtaba et al. (2012) found that the 
biomass concentration of C. vulgaris kept decreasing under nitrogen-deficient 
conditions with air sparging. However, in this study, the algal growth curves 
fluctuated but the finial biomass concentration remained generally unchanged 
under nitrogen limiting conditions (without CO2) (Fig. 6.5a). In contrast, algal 
concentration continuously decreased under nitrogen limiting conditions with 
CO2 sparging, compared to the control (Fig. 6.5d). Nitrogen is the most 
important nutrient for algal growth. Different nitrogen concentrations and 
nitrogen sources have been investigated for their effects on the growth of C. 
vulgaris and other microalgal species (Li et al. 2010; Hulatt et al. 2012). Algal 
cultures under phosphorus limiting conditions with/without CO2 supply 
showed similar growth trends, but lower biomass concentrations compared to 




ratio could be important for algal growth. Increasing the initial N:P ratio in the 
second-stage cultivation (ranged from 27.6:1 to 110:1) did not evidently 
change the algal growth profiles in this study. Interestingly, algal 
concentration was observed to increase when higher salt concentration was 
induced (with CO2) in the second-stage cultivation (Fig. 6.5f). Microalgae 
have diverse adaptability to salinity stress. For example, higher salinity was 
found to impair the biomass production of Tetraselmis subcordiformis (Yao et 
al. 2013). On the contrary, the biomass yields of Botryococcus braunii 
increased with an increasing salt concentration (Rao et al. 2007). In this study, 
100 × S provided the NaCl concentration of 43 mmol L-1, which could be still 
dilute and not be detrimental to the growth of C. vulgaris.  
 
The profiles of lipid contents under different stress conditions in the 
second-stage cultivation are quite complicated. Nitrogen limiting conditions 
successfully enhanced the lipid accumulation in C. vulgaris in this study. The 
highest lipid content under different nitrogen limiting conditions appeared at 
different time points. 1/5 N (1.76 mmol L-1) and 1/10 N (0.88 mmol L-1) were 
found to be the optimal nitrogen concentration to promote greater lipid 
content in algal biomass. Presenting nitrogen-deficient conditions is 
well-known to be an effective approach to make algal cells accumulate lipids. 
Several reports have demonstrated that having lower nitrogen concentrations 




(Illman et al. 2000; Mujtaba et al. 2012). Microalgae can degrade 
nitrogen-containing macromolecules, such as proteins, and utilize 
photosynthetically fixed CO2 to produce lipids and polysaccharides under 
nitrogen depleted conditions.  
 
Phosphorus is important for the metabolism of microalgae cells. It is involved 
in the protein and lipid production process. Phosphorus-limiting conditions 
were also able to promote greater lipid production in algal cells in this study, 
especially when CO2-enriched air was aerated in the culture. The lipid 
contents under different phosphorus-limiting conditions without CO2 were 
lower than the control. According to the report of Li et al. (2010), lower initial 
phosophorus concentrations help Scenedesmus sp. LX1 to accumulate higher 
lipid content in algal biomass. Chu et al. (2013) found that phosphorus 
limitation can only enhance the lipid accumulation in C. vulgaris effectively 
under N deficiency.  
 
Salinity has been reported to influence the growth of Botryococcus braunii, 
however, the effect of salinity on lipid accumulation was not investigated in 
that study (Rao et al. 2007). Yeesang and Cheirsilp (2011) reported that a 
combination of nitrogen deficiency and higher salt concentration cannot 
promote lipid content in Botryococcus spp. In this study, salinity stress did not 




control. Interestingly, lipid contents in the control groups with normal medium 
appreciably increased (Fig. 6.6f). 
 
Unlike the profile of lipid yield in the first-stage cultivation, lipid yields 
during the second-stage cultivation did not continuously increase. Instead, 
they performed irregular change profiles. The harvest should be done at the 
time points with the highest lipid yield rather than highest biomass 
concentration or lipid content. Researchers have known that stress conditions 
can induce higher lipid content, while the biomass productivity was low under 
those stress conditions. As a consequence, the algal lipid productivity under 
stress conditions was lower than that of normal growth conditions (Griffiths 
and Harrison 2009; Wijffels and Barbosa 2010). In this study, the highest 
average lipid productivity (92.60 mg L-1 d-1) was found under 100 × S 
condition (with CO2), which was quite comparable with the results reported 
by Farooq et al. (2013) and by Mujtaba et al. (2012). Higher lipid content was 
found in nitrogen-limiting conditions (with CO2) than the control, but the 
average lipid productivities under nitrogen-limiting conditions were much 
lower than that of the control, which was caused by a loss of biomass. The 
minus average lipid productivities were also due to the decrease in algal 
biomass.  
 




the second-stage cultivation can be ignored, since the variation in fatty acid 
composition corresponding to changes in environmental conditions is a big 
challenge in microalgae-based biodiesel (Stansell et al. 2012). The relatively 
constant percentage of fatty acid is very important so that the properties of 
biodiesel produced from C. vulgaris lipid in this study would be stable. The 
quality of FAMEs in this work met the requirements of EN 14214 and ASTM 
D 6751 (Table 6.2), and these FAMEs could be used as biodiesels. 
 
6.4 Summary 
A two-stage cultivation strategy was successfully applied to increase C. 
vulgaris biomass production, lipid content, lipid yield and productivity. 
During the first-stage cultivation, algal biomass concentration reached at 1.5 g 
L-1 with the lipid content at around 20%. The average lipid productivity was 
30.54 mg L-1 d-1. Nitrogen-limiting and phosphorus-limiting conditions were 
found to be effective in promoting lipid content in algal cells during the 
second-stage cultivation. The highest lipid yield was 596.59 mg L-1 and 
highest average lipid productivity was 92.60 mg L-1 d-1. Each fatty acid 
component showed a relatively constant percentage during the second-stage 







Fig. 6.8 The profiles of fatty acid percentage under nitrogen limiting 





Fig. 6.9 The profiles of fatty acid percentage under phosphorus limiting 











Fig. 6.11 The profiles of fatty acid percentage under nitrogen limiting with 





Fig. 6.12 The profiles of fatty acid percentage under phosphorus limiting with 





Fig. 6.13 The profiles of fatty acid percentage under salinity stress with CO2 















The research findings and conclusions from each study will be summarized in 
this chapter. The contribution of developing different approaches to increase 
microalgae production will be discussed. In addition, interesting follow-up 
studies based on newly designed PBR will be discussed to advance the study 








At the current moment, different biomasses have been used to produce 
biofuels, which are the potential candidates for alternative energies to partially 
replace traditional fossil fuels. Food crops (such as maize, soybean, sugarcane) 
and non-food feedstock (for example, wood, crop residues after harvest, and 
municipal wastes) have been applied in biofuels production. Biodiesel and 
bioalcohol are currently the most common biofuels which have been 
commercially used in urban living, to fuel automobiles and airplanes. 
However, the bottleneck of the biofuel development lies in their lower yields 
and higher production costs. As there are several major advantages compared 
with previous biomass feedstock, microalgae are being considered not only as 
promising feedstock for biofuel production, but are also widely studied for 
their great potential in food, cosmetics, pharmaceutical and waste treatment. 
The various applications of microalgae are dependent on their mass 
production, so as to get enough algal biomass to proceed to downstream usage. 
It is a major challenge and many attempts have been made to increase 
microalgal production. The work reported in this thesis developed different 
approaches to increase algal production, from small lab-scale experiments 
applying the symbiotic relationship between microalgae and their associated 
bacteria to promote algal growth, to scaling up algal cultivation to 80 L PBRs 
in a tropical outdoor environment, and lastly, conducting two-stage cultivation 





This study investigates the synergistic relationship between algae and bacteria, 
which enriches the limited reports in this unexplored research field. The 
first-hand and complete information of scaling up microalgae cultivation from 
laboratory to pilot-scale, which is useful for the research on microalgal 
production in tropical areas, has been provided in detail in this work. Great 
efforts have been done to reduce the cost and optimize the operation for the 
outdoor microalgal cultivation. Fully utilizing the climatic advantages, namely 
higher temperature and abundance of sunlight radiation all year long, in 
Singapore to develop microalgae based biofuels can be quite promising, and it 
could play an important and active role to solve the problem of energy 
security in the near future. 
 
7.1 Synergistic microalgae-bacterial relationship as an approach to 
increase microalgal production 
The effects of cultivation parameters on microalgal growth have been 
investigated by many research groups. Pure microalgal cultivation is normally 
carried out in algal production but microalgae are very easily contaminated by 
other microorganisms. Indeed, microalgae always co-exist with other 
microbes, such as bacteria, in natural environment. The interactions between 
algae and bacteria are quite complicated. The applications of 




inhibition of harmful algae bloom in water bodies. However, these 
applications currently only come from an empirical basis and most details of 
microalgae-bacterial interaction are still unexplored. The interactions between 
algae and bacteria are very important to mass microalgal production. In this 
section, the mutually beneficial and competing relationships between C. 
vulgaris and symbiotic bacteria were observed. This could aid our 
understanding of algae-bacteria interactions in nature as well as broaden its 
practical applications in other research fields (Chapter 4). 
 
The Chlorella vulgaris ATCC 13482 culture was semi-continuously cultivated 
for 18 months in a 4 L PBR and formed associated consortiums with other 
symbionts. Three symbiotic bacterial strains were isolated on heterotrophic 
medium agar plates. Based on 16S rDNA analysis, they were found to show 
closest similarity to Pseudomonas alcaligenes, Elizabethkingia miricola and 
Methylobacterium radiotolerans, respectively. C. vulgaris was co-cultured 
with each bacterial strain and it was found that the symbiotic bacteria 
Pseudomonas sp. had a growth-promoting effect on C. vulgaris while the 
other two inhibited algal growth. The interactions between C. vulgaris and 
Pseudomonas sp. were further investigated under different cultivation 
conditions. The co-culture resulted in 1.4 times greater algal cell concentration 
than that of C. vulgaris alone under photoautotrophic condition. In contrast, 




algal culture when glucose was supplied in the medium (photoheterotrophic). 
Under both cultivation conditions, the number of Pseudomonas sp. increased 
at the beginning of experiment, and then decreased. However, the bacterial 
number decreased to almost zero under photoheterotrophic conditions, while 
the growth of bacteria went into a stationary phase under photoautotrophic 
conditions. The chlorophyll content in C. vulgaris cell was higher in 
co-culture than in single algal culture. Algal cells in photoautotrophic 
condition showed higher photosynthetic efficiency compared to those in 
photoheterotrophic condition. Extracellular organic carbon dissolved in the 
medium continuously increased under photoautotrophic condition, and it 
could be the key factor to induce the growth promoting effect on algae.  
 
7.2 Scaling up microalgal culture to increase algal production and 
optimizing CO2 usage during algal cultivation 
Microalgal cultivation has been widely studied by researchers in lab-scale 
experiments and the results are quite good. However, lab-scale experiments 
are normally carried out under strictly controlled growth conditions, and it is 
not possible to scale up these experiments to pilot-scale or large-scale 
cultivation with precisely the same conditions. On the other hand, the 
feasibility of developing microalgal technologies is determined by cost. The 




of CO2 usage, as one aspect of the operating costs, is considered a challenge 
that constrains the economic massive production of microalgal biomass. 
Artificial light is usually provided for algal growth, and it is quite 
energy-intensive. Therefore, the cost of energy consumption cannot be 
ignored during the algal cultivation period. In this study, pilot-scale PBRs 
were designed and microalgae were cultivated in these PBRs in tropical 
outdoor environment, thereby reducing the energy consumption from artificial 
illumination. The optimization of CO2 usage and improvement of CO2 to 
biomass conversion efficiency have been achieved. Outdoor culture and 
adjusting proper CO2 input conditions can be utilized to save energy and 
cultivation costs for large-scale microalgae production (Chapter 5). 
 
Chlorella vulgaris was successfully cultivated in 80 L (8 L×10 sets) bubble 
columns under tropical outdoor conditions. The constant supply of CO2 in 
microalgal culture was found to be non-essential, and different CO2 input 
conditions were applied to optimize the usage of CO2 in outdoor microalgal 
cultivation conditions. Two CO2 input conditions did not register significant 
differences in algal growth, compared to having a constant supply of 2% CO2: 
namely 2% CO2 was intermittently supplied (1 h 2% CO2 enriched air/1 h air) 
and 2% & 4% CO2 was alternatively aerated (30 min 4% CO2 enriched air 
twice and 2% CO2 enriched air 1 h twice). This doubled the CO2 to biomass 




The other two CO2 input conditions, namely 4% CO2 intermittently supplied 
(40 min 4% CO2 enriched air thrice) and 2% CO2 provided corresponding to 
the increase trend of algal biomass concentration, were found to be less 
beneficial for algal biomass production, compared to the former two 
conditions. The yields of lipids, carbohydrates and proteins among different 
CO2 input conditions are not statistically different. The algal biomass obtained 
in this study was found to have higher carbohydrates yields but lower proteins 
yields compared to previously published studies, which make it a potential 
feedstock for performing anaerobic digestion after lipid extraction to recover 
more energy and values from algal residues. 
 
7.3 Two-stage cultivation strategy to increase algal biomass production 
and lipid productivity 
Algal growth will experience a faster proliferation rate under 
nutrient-sufficient conditions while lipid accumulation is much slower. In 
contrast, lipid production can be benefitted under nutrient-limiting conditions, 
whereas algal cells suffer slower growth. To solve this problem, two-stage 
cultivation has been applied to maximize algal biomass production in the first 
stage and then increase lipid content in the second stage. In this part, after 8-d 
first-stage cultivation, C. vulgaris sludge was harvested and re-inoculated into 




percentage profiles were traced in both cultivation stages. Lipid productivity 
in both stages was also calculated. The change of FA components in algal 
lipids could be important for predicting algal biodiesel quality, and suggest a 
suitable timing for harvesting microalgae (Chapter 6). 
 
A two-stage cultivation strategy was successfully applied in C. vulgaris 
outdoor culture in the pilot-scale bubble column photobioreactors, and it 
increased algal biomass production, lipid content, lipid yield and lipid 
productivity. The average C. vulgaris concentration was reached at 1.5 g L-1 
with a biomass productivity of 0.16 g L-1 d-1 after 8-d first-stage cultivation. 
The lipid content remained constant at around 20%. The highest lipid yield 
was 302.38 mg L-1 with a lipid productivity of 30.54 mg L-1 d-1. During the 
second-stage cultivation under different stress conditions, nitrogen limiting 
and phosphorus limiting with CO2 sparging conditions were able to induce 
higher lipid content compared with the control in full nutrient medium. 
Salinity stress was found not to be effective in inducing higher lipid content 
compared with the control, but triggered an increment of algal biomass 
concentration during the second-stage. The highest lipid yield was 596.59 mg 
L-1 and the highest average lipid productivity was 92.60 mg L-1 d-1. The algal 
harvest for producing biodiesel could be suggested at the time points with 
highest lipid yield rather than highest lipid content or algal biomass 




second-stage cultivation was observed, and it was important to the 
microalgae-based biodiesel production. The FAMEs produced in this study 
met the requirements of EN 14214 and ASTM D 6751, which could be used 
as biodiesel. 
 
7.4 Suggestions for future work 
The studies presented in this thesis have showcased diverse methods for 
increasing microalgal production. Despite the rapid progress achieved by 
researchers in microalgae cultivation, some major constraints still need to be 
overcome (Day et al. 2012).  
 
Studies on the interactions between microalgae and bacteria can be further 
investigated. The extracellular matters released by algae and bacteria need to 
be analyzed, to identify which of the components are primary contributors for 
forming the different relationships between them. The challenge is that the 
release and uptake of organic matters by both algae and bacteria is a dynamic 
process, so the ‘effective’ components may not be detected in time. The 
complexity of these organic matters is also an obstacle to their comprehensive 
analysis (Sarmento and Gasol 2012). Computational methods rather than 
direct approaches of identifying organic matters could be applied to simulate 




bacterial cells is thought of as the important factor to influence the interactions 
between them (Mouget et al. 1995). A close proximity between algae and 
bacteria can be achieved by co-immobilizing them into natural-polymer 
microbeads, such as alginate (de-Bashan and Bashan 2008). The 
algae-bacterial interactions under co-immobilization can be studied and 
compared with suspended cultivation. 
 
Torzillo et al. (2003) reviewed the constraints affecting algal cultivation under 
outdoor conditions. The major problems in massive algal outdoor cultivation 
are as follows: light penetration in dense algal cultures, light saturation effect 
due to the slow replacement rate of algal cells close to the reactor surface to 
those at the center of the reactor, as well as photoinhibition caused by strong 
light intensity. One of the effective ways to solve those problems is to design 
sophisticated PBRs (Burlew 1953). Studies on designing suitable PBRs 
according to different outdoor environmental conditions are necessary. On the 
other hand, it is advantageous to consider the strategies for reducing energy 
and operating cost during algal cultivation, such as having online control of 
CO2 supplies corresponding to the diurnal variation of light intensity to avoid 





7.5 Preliminary studies for future work: Designing novel PBR for 
microalgal production 
In order to solve the problems encountered in outdoor microalgal cultivation, 
a new type of PBR was designed: the sieve tray column. The principles of this 
design were based on enhancing mass transfer to provide more opportunities 
for algal cells to capture CO2, speeding up the rate of O2-stripping from the 
PBR to avoid the occurrence of photoinhibition, as well as reducing the 
difficulty of light penetration in dense algal culture and the occurrence of the 
light saturation effect. It can be seen from Fig. 7.1 that the sieve tray column 
resembled a distillation column. It was comprised of five sectors. The top part 
contained a sieve plate and a liquid distributor. The effluent gas can be 
released from the top also. The middle two sectors had the same structure but 
with different orientation of sieve plate. The fourth sector had a shorter weir 
on the sieve plate, and the last part provided gas inlet ports and a sampling 
port. Each sector was assembled together with a gasket and ‘O’ ring to avoid 
gas and liquid leakage. The material used to construct the column was clear 
acrylic tube and plates. 
 
The culture system consisted of a sieve plate column, a peristaltic pump, an 
air pump, LEDs, a CO2 tank and several gas-flow meters (Fig. 7.2). The 
peristaltic pump provided a continuous circular flow of algal culture from the 




intensity of illumination at each sector. The switch on/off of the peristaltic 
pump was controlled by a timer and had the same pace as the light/dark cycle. 
CO2 enriched air was aerated from the bottom of the column and CO2 
sparging was only available during the light period.  
 
The algal growth in the sieve tray column could happen in different parts. In 
the bottom part, the column works as a normal bubble column PBR. The 
growth of microalgae in this part will not be slowed until the algal density 
rises to a high level. Algal culture is pumped to the top of the column, evenly 
distributed, and drops down as small droplets. Algal cells in these droplets can 
make contact with CO2 in the air and absorb light to perform photosynthesis. 
When the algal culture droplets reach the sieve plates, they will form a thin 
liquid film and capture CO2 on the plates. The plates will prolong the contact 
time between the CO2 and algal cells. In addition, algal cells can be also 
sufficiently exposed to illumination. The light penetration in this design is not 
a problem since the liquid film is quite thin. It may even accumulate to form a 
thicker layer but the weir height on the sieve plates determines that the max 
thickness of layer should be less than 4 cm. Since the 
photosynthetically-produced O2 can be rapidly stripped from the algal culture, 
and the replacing of algal cells between the surface and central area of reactor 




not occur in this PBR design. The preliminary tests on the working 
performance of this design are proceeding as shown in Fig. 7.3.  
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